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ABSTRACT

REPLICATING NATURE:
FUNCTIONAL AND MORPHOLOGICAL BIOMIMICRY
AS BLUEPRINTS FOR SYNTHETIC MACROMOLECULAR SCAFFOLDS
by
Erinn Kay Reville
University of New Hampshire, September 2022
The aim of this dissertation is to provide insight into synthetic materials that replicate the
function and structure of natural materials. First, a comprehensive overview of the challenges
and recent advances in tailored synthetic molecular recognition through molecularly imprinted
polymers (MIPs) will be presented. Chapter 2 of this work discusses the synthesis of azlactonebased homopolymers as functional polymers tuned for the detection of opioid molecules.
Through the rapid and efficient ring-opening reaction of azlactone pendant chains with primary
amines, customized functionalization of the homopolymers with receptor-like moieties was
achieved post-polymerization. Chapter 3 explores the use of functionalized diblock copolymers
as protein mimics for single-chain nanoparticle (SCNP) collapse. The collapse was successful by
use of a newer, one-pot deprotection and coupling Sonogashira-like reaction without coppercatalyst. The polymers and associated nanoparticles were analyzed by size-exclusion
chromatography equipped with a multi-angle light scattering (SEC-MALS) detector. Shifts in
retention time from polymer to nanoparticle was indicative of change in hydrodynamic volume,
suggesting that the polymer was folded into SCNP. Chapter 4 investigates the use of
functionalized diblock copolymers with Diels—Alder reaction compatible monomers to form
SCNP. Like Chapter 4, shifts in the retention time were observed between polymer and
nanoparticle, and SCNP formation discussed.
xiii

CHAPTER 1 – A COMPREHENSIVE GUIDE TO MOLECULARLY IMPRINTED,
RECEPTOR-LIKE SYNTHETIC POLYMERS

This chapter is published in Polymer Chemistry.
Reproduced with permission from The Royal Society of Chemistry.
Reville, E. K.; Sylvester, E. H.; Benware, S. J.; Negi, S. S.; Berda, E. B. Customizable Molecular
Recognition: Advancements in Design, Synthesis, and Application of Molecularly Imprinted
Polymers. Polym. Chem. 2022

1.1 Introduction

Molecularly imprinted polymers (MIPs) are where the complexity of receptor proteins meets
the tunability of synthetic research. Receptor proteins, such as enzymes or antibodies, have
functional cavities that act as docking platforms by recognizing and binding to complementary
ligands. Once bound, a receptor-ligand complex may generate any multitude of cellular
responses, including the regulation, uptake, and/or release of certain hormones,
neurotransmitters, inorganic minerals, antigens, enzymes, and other molecules within an
organism. Just like receptor proteins, MIPs are polymers with carefully selected functional
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groups that are spatially arranged to recognize target molecules. MIPs are generated by
templating a functionalized polymer with a molecule, leaving a cavity that is complementary to
the molecule upon removal. That cavity then has an affinity for the molecule that was templated
for later rebinding. The aim of MIP research is to recognize a desired target molecule with the
precision of receptor proteins, and to maintain specificity and sensitivity towards the target
molecule while tailoring functional properties for advanced applications. Researchers are far
from perfecting the delicate intricacy of mimicking such elegant biological processes, and
improvements in all areas of MIP synthesis remains a vibrant and active topic. Various methods
explored to synthesize MIPs with impressive recognition capabilities towards target molecules
and the recent applications of MIPs are found herein. This review aims to dissect the synthetic
steps required to generate MIPs, with emphasis on the more recent routes utilized and overall
application advances.
1.2 Molecularly Imprinted Polymers

Creating polymers that harness reliable molecular recognition capabilities remains an
incredibly vibrant research area for a variety of advanced applications. Specifically, the
fundamental chemistry behind molecular recognition is being further refined for its use in
biomedical technology,1,2 biosensor diagnostics,3,4 and biomarker testing.5,6 Molecularly
imprinted polymers (MIPs) provide a process for molecular recognition that closely resembles
that of naturally occurring binding sites found on receptor proteins.
MIPs act as synthetic polymer receptor, where the polymerization step partially engulfs a
desired molecule. Upon removal of the chosen molecule, the remaining polymer matrix is left
with the imprint of the molecule within a pore-like structure. The imprint is then specifically
selective for a rebinding moment, where reintroduction of the molecule often leads to an
2

observable degree of rebinding. Mimicry of binding site interactions found in naturally occurring
binding site interactions have allowed for favorable synthetic alterations, resulting in
customizable MIPs with adequate recognition capabilities.7–9 Based heavily on the
complimentary sterics and functionality between such binding sites, current MIP research has
focused on the highly selective, specific, and rapid recognition capability of a desired target
molecule.10,11 Although molecular imprinting has been around since the late 70s to early 80s,12,13
the library of target molecules utilized for MIPs expanded more notably in the early 90s.14 As
this research has progressed, target molecules have included more complex structures such as
proteins15,16 in addition to small molecules.
As the implementation of this chemistry for complex molecular detection increases, so do the
number of areas requiring elaborate improvement. The synthesis of MIPs with sophisticated
recognition capabilities (primarily affinity and sensitivity for target molecules) remains a
difficult challenge. Additionally, with society aspiring toward a more renewable future, the need
for materials that are reusable and recyclable is dire in all areas of synthetic research. MIPs have
the potential to address this issue by retaining function after multiple rebinding cycles, making
them reusable in certain applications, and new research has been observing more “green”
approaches in solvent selection and overall preparation.
This review is a guide to understanding the primary processes utilized while synthesizing
MIPs, focusing on the most current routes available in the “toolbox” of MIP synthesis. Overall,
this review serves to provide information on the chemical approach to synthesizing MIPs, as
detailed in current literature, with a final glance at the recent application advancements of MIP
chemistry.
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1.3 General Design and Synthesis Framework

Considering the few elements required to generate MIPs, preparation is generally swift and
therefore cost- and time-effective. Synthesis includes the combinatory use of a template
molecule, crosslinking agent, functionalized monomer, occasional co-monomer, polymerization
initiator and a suitable solvent.
Selection of the template molecule is based on the desired application for MIP use. The
template molecule is often the molecule of interest within the specific application. Sometimes,
the desired molecule is too large, and smaller portions of the molecule will be utilized instead.
Most target molecules utilized in standard MIP synthesis are small molecules that are relatively
easy to handle, where larger and more complex compounds tend to lack in selective templating.
Usually, this is due to issues in solubility during imprinting, along with the size of the template
compound being difficult to rebind within a narrow MIP pore.17 As will be discussed later in this
review, different types of imprinting have provided avenues to examining larger molecules.
Where appropriate, the selection of a template that closely resembles that of a desired molecule
for recognition (i.e. dummy template molecule) is also an option.11,18 The dummy template
molecule is a great choice if the desired detectable molecule is unstable under certain reaction
conditions or is overall dangerous to handle.
As an example to this concept, He and coworkers recently reviewed MIPs that may detect and
separate the highly toxic and expensive metabolite, aflatoxin (AF).19 The detection of AF is
highly desirable in the food industry, where AF contamination on crops remains a complex issue.
Due to the hazardous nature of handling AF, structural analogues have been reported in the
literature to bypass such preparation. Common dummy molecules to AF include 5,7dimethoxycoumarin, quercetin, 7-acetoxy-4-methylcoumarin, and 6-phenyl-4-methyl-24

Figure 1. A depiction of the steps required for MIP synthesis. (a) Assembly of free functional monomer(s) and crosslinker around
the template molecule form a complex with preferential bonding patterns. (b) Polymerization occurs around the template
molecule, which remains within the generated polymeric cavity. (c) The template molecule is removed from the MIP, exposing
the functionalities within the cavity. (d) Rebinding of the template molecule into the MIP to observe selectivity and sensitivity of
the MIP.

chromanone.20–23
Assembly of functional monomer around the template molecule forms an ideal bonding
pattern along the template molecule (Figure 1a). Added crosslinker then allows for
polymerization to selectively surround the template-monomer complex, forming the MIP (Figure
1b).
After polymerization, the template molecule is removed, exposing functional cavities located
within the MIPs (Figure 1c). The shape, size, and overall orientation of functional cavities are
complementary to that of the absent template molecule, effectively leaving a physical imprint of
the template molecule within the polymer.16,24 The functional cavities, or recognition sites, are
therefore sterically and chemically arranged to facilitate specific rebinding of a target molecule
(Figure 1d).
Additionally, generated MIPs are often co-created with non-imprinted polymer (NIP). The
NIP is synthesized exactly like MIP but lacks the imprinted cavities that are formed by the
inclusion of a template molecule. Without the inclusion of NIP, there is no reasonable way to
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consider the efficiency of the imprinted cavities. A comparison of binding efficiency between the
MIP and NIP is regarded as the imprinting factor. Imprinting factor is a way to measure the
properties of the imprinted portion of the MIP, independent of the polymer backbone. Due to the
many ways that imprinted cavity rebinding with template can be observed, there is no single way
to present imprinting factor data. However, the comparison is typically given as a ratiometric
comparison of MIP data versus the complementary NIP. Observation of a higher imprinting
factor (usually a value that is >1) correlate to MIP having greater selectivity for template
molecules than NIP.25

1.3.1 Molecular Design
The decided use of MIPs ultimately determines the choice of the template molecule. MIPs
have shown successful rebinding and recognition capability to an array of targets, including
antibiotics,26,27 bacteria,28 herbicides,29 pesticides,30 pollutants,31 proteins,32 and even viruses.33,34
MIPs have been extensively researched for use as drug delivery systems for this exact reason,
and many notable reviews are available within current literature.35–37 Due to the breadth of
applications for MIPs, functional monomer(s) and crosslinker(s) for use in MIP preparation are
chosen with properties (charge, size, chemical identity) of the template in mind. Commonly used
functional monomers and crosslinkers utilized in MIP synthesis can be found in Figure 2 and
Figure 3, respectively.38–54
Choice of solvent also plays a significant role in the overall success of MIPs synthesis. Chosen
solvent must dissolve all the necessary reactants, while not interfering with the templatemonomer complex. Additionally, a solvent that aids in a porous structure (porogen) is especially
helpful in MIP synthesis. Solvents that act as porogens are preferred, as the polymeric material
6

Figure 2. Common functional monomers utilized in the synthesis of MIPS.

Figure 3. Common crosslinkers utilized in the synthesis of MIPs.

generated will be porous and therefore offer greater recognition properties. This is because the
recognition site of the MIPs will be more accessible than a material that is nonporous. Not only
are porogens important due to the physical attributes they impose on the resultant MIPs, but it is
also imperative to the stability of the pre-polymerization step. Aside from the ability to dissolve
all the necessary components, porogen selection must also negligibly interact with chosen
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monomers, functional groups, crosslinkers, and template molecules. The most popular solvents
selected for MIPs synthesis include toluene, acetonitrile, dichloromethane, 1,4-dioxane, acetone,
tetrahydrofuran, and chloroform. It is typical to choose non- to moderately polar aprotic solvents,
as these solvent choices decrease hydrogen bonding interactions that are associated with
common MIP bonding types. Efforts to adapt MIP synthesis towards sustainable solvents have
been observed in more recent years with green reagents such as room temperature ionic liquids
and deep eutectic solvents.55 Additionally, some techniques presented within this review aim to
adjust the solubility of MIP matrices so that solvents such as water may be more easily
employed.

1.3.2 Template-monomer complex
The mechanism of template-monomer complex assembly relies on the type of bonding
between the two entities. Covalent, semi-covalent, and non-covalent bonding strategies have
been used to integrate the templating molecule into the polymeric MIP. This area of research has
been reviewed extensively56,57 in the available literature, but will be briefly summarized here.

Covalent reactions
Covalent bonding between template molecules and their functional monomers offers an
effective approach towards imprinting MIPs with homogenous recognition sites.56,58A functional
monomer is first chemically bound to the template by a labile covalent bond, followed by
copolymerization with a crosslinker in the selected porogen. Removal of the template then leaves
the recognition sites within the moiety available for a rebinding moment.58
The Wulff group developed the covalent imprinting approach where template molecules and
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functional monomers are joined via reversible covalent bonds prior to polymerization.59
Historically these bonds are through boronate esters, ketal and acetals, and Schiff bases.
Removal of the target analyte, once bound, requires cleavage of the bonds through chemical
intervention. The resulting binding pocket is well-defined in that it is complementary to the
sterics and functional arrangement of the target analyte. As the analyte rebinds to the imprinted
cavity, the covalent bonds are then reformed during the rebinding process.60
Although this approach is straightforward, a limited number of examples utilizing covalent
bonding for MIP formation are available in current literature. This is likely because multiple
heteroatoms within the template molecule are required for this approach to be effective for
imprinting, which is not always possible depending since the chosen template molecule is almost
always application-specific.57 Additionally, separation and subsequent removal of the target
molecule from the polymer is more difficult when using this method given the nature of covalent
bond strength.56

Non-covalent interactions
Non-covalent interactions have been the most popular imprinting technique utilized thus far
among research of MIPs. Non-covalent bonding for MIP synthesis allows for a greater variety of
potential applications due to reduced restriction in template molecule selection. Many variations
of non-covalent interactions are observed in the literature for MIP formation, with most relying
on hydrogen bonding,61–65 pi-pi interactions,66 or electrostatic interactions.67–69
The resulting molecularly imprinted cavities formed in the pre-polymerization step are
decorated with non-covalent functionalities that are available for rebinding with a desired
molecule or its analogues after polymerization and template removal. However, due to the nature
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of non-covalent interactions, MIPs prepared in this manner are not highly selective.56 Uniformity
within the formed cavities is difficult to control as it relies on the complicated ratio between
monomer and template molecules. The equilibrium between the two must first be disturbed by
adding supplementary monomer to generate template-monomer complexes. Increasing the
functional monomer concentration causes an excess of functional groups to be present that do not
form a complex with the template molecule. This leaves free-functional groups stationed on the
MIP after polymerization, hindering specific recognition as they also have the ability to interact
with target compounds.56,57 Overall, noncovalent interactions within MIPs will decrease the
selectivity and specificity but will increase the sensitivity of the cavity.

Semi-covalent reactions
Covalent imprinting significantly reduces the amount of non-specific recognition sites but
lacks the breadth of viable template-monomer complexes.70 Comparatively, non-covalent
imprinting is a simple technique with a wide range of available template molecules yet lacks in
specific binding due to the need for excess monomer. Combining the benefits of both covalent
and non-covalent interactions, semi-covalent (dynamic covalent) bonding for the formation of
template-monomer complexes is an effective approach. The first binding interaction occurs by
reversible covalent bonding measures. These reversible bonds formed during template binding
still allow tailored control of homogenous binding cavities. Generally, removal of the template
molecule then occurs through hydrolysis, freeing the reversible covalent bonds and exposing the
imprinted cavity.71 Additionally, due to the use of covalent bonding in the pre-polymerization
step, a random distribution of excess functionalized monomer is not present as in the noncovalent approach because the issues with template-monomer equilibrium are non-existent. After
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polymerization, functional groups imparting non-covalent interactions that decorate the cavity
are utilized during the rebinding process.70 This method offers a practical approach towards
MIPs that contain greater specificity within the recognition sites without placing restrictions on
template molecule structure.57
While semi-covalent imprinting may seem like the obvious approach to MIPs generation,
there are certain drawbacks to consider. Mainly, rebinding can be difficult to achieve due to
steric hindrance, and template removal by hydrolysis is not always favorable or achievable.57

1.3.3 Synthetic Techniques
Though MIPs have been prepared by several different polymerization pathways, given the
current direction of MIP research, this review will focus on free radical and controlled radical
polymerization techniques.

Traditional free radical polymerization
Free radical polymerization (FRP) has historically dominated the field of MIP preparation.
This is because the FRP mechanism tolerates many reaction conditions and is compatible with a
wide range of monomers. Additionally, FRP is a relatively straightforward process and can be
conducted either neat or in solution. The method proceeds through three main steps; (1) initiation
of radicals through use of a radical initiator, (2) propagation of monomer to form polymer
chains, and (3) termination of active chain radicals.
Hu et al. demonstrated the use of FRP for the creation of MIP-coated quantum dots (QDs) to
be used in the fluorescent detection of the sulfonamide antibiotic, sulfapyridine (SPD).72
Methacrylic acid (MAA), ethylene glycol dimethacrylate (EGDMA), SPD, and Mn-doped
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ZnS QDs were combined for self-assembly in acetonitrile. The polymerization proceeded at an
increased temperature with 2,2’-azobisisobutyronitrile (AIBN) as the radical initiator. Vigorous
washing with a combination of methanol and acetic acid removed SPD from the fluorescent
MIPs (FMIPs). The optimization of these particles for accurate fluorescent detection was
investigated by adjusting the amount of Mn2+ with respect to the fluorescence quenching
efficiency of their samples. FRP provided a wider range of viable functional monomers which
extended the application potential for FMIPs with greater selectivity.
However, the researchers experienced issues with the sensitivity of these FMIPs in tap water,
requiring an artificial increase in the concentration of SPD within the samples for measurable
detection.
Daoud Attieh et al. synthesized water-compatible molecularly imprinted polymer nanogels by
enzyme-mediated FRP.73 The researchers sought to create a novel strategy for MIP nanogel
synthesis in aqueous media that would be more environmentally friendly than existing MIP
syntheses due imparting retrievability of an initiator enzyme. The environmental impact of this
method was mitigated due to the use of an enzyme as an initiator instead of more commonly
used synthetic initiators. Immobilized horseradish peroxidase (HRP) was used as a biocatalyst
for initiation since it is a more sustainable and natural material than most initiators used in FRP.
The immobilized form of HRP is used to prevent the initiator enzyme from getting entrapped in
the cross-linked polymers, which allows the enzyme to be more readily reused.
For the synthesis of the MIP nanogels, 2,4-dichlorophenoxyacetic acid (2,4-D), a well-known
and utilized herbicide, was used as a model template in aqueous media. By adding soluble HRP,
2,4-D, functional monomer 4-vinyl pyridine (4-VP), and water-soluble 1,4bis(acryloyl)piperazine (PDA) as a crosslinker, self-assembly between all components was
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completed. For enzyme initiation to occur, HRP dosed with hydrogen peroxide (H2O2) enticed
different oxidative states of enzymatic active sites (HRP-I and HRP-II). The combination of
these oxidative catalytic states with H2O2 produced acetylacetone radicals, which then proceeded
to initiate FRP as a polymerization mediator.
The enzyme-initiated MIPs were slightly more selective towards 2,4-D than similar
analogues. To prevent entrapment of the enzyme so that it could be used in multiple cycles, HRP
was covalently attached to 0.1 mm glass beads. Reuse up to 6 cycles was observed in the
generated MIPs before nanogel yield began to decrease. This approach was successful at
imparting an environmentally friendly approach at MIPs synthesis, initiating FRP by a reusable
enzymatic unit.
The main issue that is typically observed with the use of FRP for MIP formation is the
generation of products that are lacking in selective sensitivity and overall affinity for target
analytes during the rebinding process. This stems from the inherent uncontrollability of free
radical polymerization causing phenomena such as high polydispersity, buried template sites or
difficulty in removing templating materials post-polymerization. As observed in this review,
movement towards different varieties of polymerization techniques have therefore been
expanding beyond a standard FRP approach.

Reversible-deactivation radical polymerization
When compared to conventional methods, reversible-deactivation radical polymerization
(RDRP) generated MIPs involve a thermodynamically controlled process that affects how fast
the growing polymer chains can propagate. By having a greater degree of control over the rate of
chain growth in addition to negligible chain termination, MIPs generated by RDRP techniques
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have a narrower distribution of polymer chain length and therefore contain more homogenous
polymeric moieties.
Of the RDRP techniques, the most prominent for synthesis of MIPs are reversible additionfragmentation chain-transfer polymerization and atom transfer radical polymerization. However,
alternative RDRP techniques are also present in the literature of which there are adequate
reviews available.74 For example, iniferter-induced radical polymerization has been explored for
several years.75 Additionally, it is important to note that nitroxide-mediated polymerization
(NMP), also a RDRP approach, has been utilized to generate MIPs in the past,76 but current
research in this area is sparse. This could be attributed to most NMP initiators requiring
relatively high activation temperatures, which negatively impacts biocompatibility with potential
template molecules (i.e. proteins).
While these living radical polymerization techniques offer some promising results for
bioapplication, especially biomedicine,74,77 there are difficulties left to consider. Radical
initiation often requires the utilization of toxic reagents, and sometimes the most optimal
reactions produce toxic by-products that can incorporate themselves within MIP matrices.
However, molecular recognition properties—namely selectivity and sensitivity during the
rebinding process, have increased dramatically through these methods when compared to FRP
approaches.

Reversible addition-fragmentation chain transfer polymerization
One of the most popular types of RDRPs used in polymer synthesis today is through
reversible addition-fragmentation chain transfer (RAFT) polymerization.78,79
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RAFT polymerization processes seen recently aim to address a few major challenges in MIPs
application. Mainly, addressing biological compatibility and hydrophilicity of MIPs while still
maintaining competitive selectivity and sensitivity during utilization in aqueous media.
Ma et al. have been synthesizing fluorescent polymeric microspheres capable of selectively
quantifying the concentration of small organic analytes in biological samples via RAFT
approaches.80 The obtained MIP microspheres proved an efficient approach towards the
detection of specific analytes within complex biological mixtures by attaching well-defined
thiol-terminated hydrophilic polymers to the MIP microspheres through RAFT precipitation
polymerization (RAFTPP). RAFTPP is the addition of a RAFT agent into an otherwise general
precipitation polymerization.81 This technique has been utilized more recently in MIP
preparation.82
RAFT coupling chemistry offered a versatile avenue towards preparing biologicallycompatible MIP microspheres while improving chemical recognition functionalities, molecular
weight dispersity, and overall compatibility with aqueous media.
After template-monomer self-assembly, EGDMA, cumyl dithiobenzoate (CDB), and AIBN,
were added to complete RAFTPP. Upon removal of the template molecule, another
copolymerization of EGDMA and glycidyl methacrylate (GMA) via surface-initiated RAFT (SIRAFT) yielded MIPs with surface exposed epoxy groups. Hydrophilic
poly(hydroxyethylmethacrylate) (PHEMA) was then attached via thiol-epoxy “click” coupling,
resulting in MIP particles functionalized with PHEMA brushes. The addition of PHEMA onto
the MIPs significantly enhanced the surface hydrophilicity, which allowed for impressive
specific rebinding moments in various aqueous media. Through SEM images, the diameter of
each MIP microsphere showed an increase in nanoparticle size between the MIP and non-
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Figure 4. SEM images of unmodified MIP microspheres (a) compared to unmodified control polymer (e), epoxy-modified MIP
microspheres (b) compared to epoxy modified control polymer (f), hydroxy-modified MIP microspheres (c) compared to hydroxymodified control polymer (g), and PHEMA brush-modified MIP microspheres compared to PHEMA-brush modified control
polymer (h). Reprinted and adapted with permission from Ma, Y.; Gao, J.; Zheng, C.; Zhang, H. Well-Defined Biological
Sample-Compatible Molecularly Imprinted Polymer Microspheres by Combining RAFT Polymerization and Thiol-Epoxy
Coupling Chemistry. J. Mater. Chem. B 2019, 7 (15), 2474–2483. Copyright 2019 Royal Society of Chemistry.

functionalized counterparts (Figure 4). The MIP microspheres were thus successfully
functionalized with hydrophilic polymer, increasing MIP compatibility within aqueous media.
Hou et al. have more recently brought this chemistry a few steps further, offering ratiometric
fluorescent MIP microspheres by RAFT polymerization techniques with highly promising
optosensing abilities.83 The efficiency of ratiometric fluorescent detection of small organic
analytes in real undiluted complex biological samples was investigated. 2,4-D was chosen as the
template molecule in this study, while pure undiluted milk was selected to test the function of
MIP microspheres in undiluted aqueous media upon successful synthesis.
First, “living” polymer microspheres were synthesized via RAFTPP of EGDMA and GMA,
followed by a concentration-controlled SI-RAFT polymerization of red cadmium telluride
quantum dot (CdTe QD) fluorophores. With EGDMA as the crosslinker, 4-vinyl phenol (4VP) as
the functional comonomer, and methacrylate—urea—4-fluoro-7-nitrobenzofurazan (MA-UreaNBD) as the fluorescent functional comonomer, surface imprinting with 2,4-D via a subsequent
SI-RAFT polymerization was completed. By grafting a final hydrophilic polymer, poly(N16

isopropyl acrylamide) (PNIPAAm), to the available vinyl groups of the “living” MIP
microsphere structure, the polymer brushes addressed issues with solubility in the undiluted milk
samples. The resulting MIP microspheres exhibited hydrogen bonding between the template
molecule and MA-Urea-NBD units in acetonitrile when reintroduced to the template herbicide.
Not only were the MIP microspheres able to detect 2,4-D in the undiluted milk samples, but
they demonstrated a distinct change in fluorescence intensity at 528 nm when the concentration
of 2,4-D was increased (0-100M) in the 2,4-D-MIP versus the corresponding 2,4-D-control
polymer (CP), specifically with the NBD fluorophore included in the MIP production step.
Negligible change was observed for the red CdTe QDs at 723 nm, which led to the observed
color change from red to cyan with increasing 2,4-D (Figure 5). The 2,4-D-MIP had a lower
limit of detection (0.13M) than the current maximum contaminant level for 2,4-D in drinking
water (0.14M), and an overall imprinting factor of 3 when compared to the 2,4-D-CP. These
MIP microspheres were also selectively sensitive to the specific template, such that accurate
detection occurred in undiluted pure milk samples even with several template analogues present
within the sample mixture.
Ultimately, the researchers were able to generate two different types of MIP microspheres via
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RAFT procedures that are capable of specific analyte detection within biological mixtures.
While RAFT polymerization techniques and modifications are certainly a promising avenue
to increasing the homogeneity of MIP cavities, there are still other polymerization techniques
that are adequate for generating MIPs with complex applications.

Atom transfer radical polymerization
Another popular RDRP approach towards MIP formation is through atom transfer radical
polymerization (ATRP). ATRP produces complex polymers with ideal polydispersity and easily
tunable molecular weights.84 Compared to conventional polymerization techniques, ATRP offers
a highly efficient and controlled technique towards the synthesis of MIPs.
ATRP tends to be rather sensitive to polar and acidic monomers, which makes the process for
producing MIPs through ATRP challenging.85 Certain monomer-template complexes are
therefore not always feasible with ATRP. Use of ultra-low concentrations of transition-metal
catalysts addresses this issue, and some research in this area shows low-toxicity and virtually no

Figure 5. Fluorescence response of 2,4-D-MIPs (a) and the NIPs counterpart (b) with increasing concentration of 2,4-D from 0
to 100M. Reprinted and adapted with permission from Hou, Y.; Zou, Y.; Zhou, Y.; Zhang, H. Biological Sample-Compatible
Ratiometric Fluorescent Molecularly Imprinted Polymer Microspheres by RAFT Coupling Chemistry. Langmuir 2020, 36 (41),
12403–12413. Copyright 2020 American Chemical Society.
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secondary pollution through this method.86 Yet, as discussed previously, the use of any toxic
substituents is non-ideal for MIPs with in vivo applications. Additionally, low-cost transition
metal catalysts are air-sensitive and as a result can lead to premature polymerization. Therefore,
metal-free ATRP approaches have been more recently explored for this area of synthesis.
A study conducted by Ramakers et al. demonstrates the use of photo-mediated ATRP (photoATRP) by use of 10-phenylphenothiazine (PTH) as a photoredox organocatalyst.87 Through
surface-initiated grafting of MIP films, the researchers were able to specifically rebind histamine,
a natural biomolecule relevant in biomedical work and food safety regulation.88,89
MAA and EGDMA in the presence of histamine, PTH and dimethylacetamide (DMAc) were
copolymerized by use of a pulse UV excimer laser to initiate photoATRP. The substrates were
then rinsed with tetrahydrofuran (THF), ethanol (EtOH), and distilled water to remove histamine.
While the growth of MIP film grafting requires further investigation, the response of the MIPs
through attachment to the created sensor was very strong. This is suggestive of photoATRP
generating MIPs with high sensitivity and an abundance of suitable receptor sites specifically for
histamine. This was especially prevalent when comparing the response of photoATRP generated
MIPs to that of complementary photoATRP NIPs.
Researchers have also recently synthesized MIPs via a metal-free ATRP technique.90 Here,
Bai et al. successfully imprinted immunoglobin G (IgG) onto a modified electrode surface by use
of metal-free visible-light-induced ATRP (MVL ATRP).
IgG was chosen as the template molecule due to its significance in work with viruses and
bacteria within mammals. With regards to point-of-care, accurate and rapid detection of IgG is
essential to treating an array of ailments. It would also be beneficial to detect IgG at lower
concentrations so that illness may be determined at an earlier stage. MIP research for IgG
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Figure 6. SEM images of: (A) the electrode AuNCs/NiNCs/Au surface before polymerization, (B) the modified electrode
AuNCs/NiNCs/Au surface after polymerization had occurred but the template molecule IgG had not yet been removed, (C) the
modified electrode AuNCs/NiNCs/Au after removal of the template molecule, leaving behind IgG imprinted cavities. Reprinted
and adapted with permission from Bai, R.; Sun, Y.; Zhao, M.; Han, Z.; Zhang, J.; Sun, Y.; Dong, W.; Li, S. Preparation of IgG
Imprinted Polymers by Metal-Free Visible-Light-Induced ATRP and Its Application in Biosensor. Talanta 2021, 226. Copyright
Elsevier 2021.

detection not only addresses these requirements for IgG detection, but also offers greater
production stability and cost-effectiveness in comparison to commonly available methods.
The imprinted polymers were generated on the surface of a modified Au electrode which
could later be utilized as a biosensor for IgG. The Au electrodes were first modified with nano
Au/nano Ni (AuNCs/NiNCs/Au) to increase the surface area and electron transfer ability at the
electrode surface. High magnification SEM images were observed of the AuNCs/NiNCs/Au
electrode surfaces before polymerization (Figure 6A). A complex of mouse IgG with fluorescein
isothiocyanate (FITC) provided both the template molecule and the photocatalyst (FITC-IgG).
Thiol-initiator was immobilized onto the surface of the modified electrode, where acrylamide
monomer, methylene bis-acrylamide as crosslinker, and the template-photocatalyst complex
FITC-IgG, were dissolved in phosphate buffered solution and illuminated under visible light to
induce photopolymerizaiton.
The template molecule IgG was removed by soaking the electrode in 10% (v/v) acetic acid
solution with 10 g/L of sodium dodecylsulfate for 1 hour, and assisted with an electric potential
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of -0.6 V. The attached FITC photocatalyst no longer remained within the MIPs once IgG was
removed, and therefore did not alter the electrode-measured intensity. The
polymer/AuNCs/NiNCs/Au electrode surface (Figure 6B) and IgG-imprinted
polymer/AuNCs/NiNCs/Au electrode surface (Figure 6C) were both compared through high
magnification SEM images to the pre-polymerized electrode surfaces. Based on the SEM
images, it was clear that the electrodes not only had been modified by introduction of the
polymer, but the surface of the IgG imprinted polymer had noticeable porous topology once the
template was removed. The researchers attributed this to the binding cavities that were left over
following the removal of the template complex.
Based on the signal response of the electrode, an increase of IgG presented to the system (1.0
x 10-6 to 10 mg L-1) showed an obvious decrease in the differential potential voltammetry of the
MIP electrodes. The authors attributed this decrease to the rebinding moment of the IgG protein
with formed cavities of the MIP, which incrementally blocked the probe from reaching the
electrode surface.
The selectivity of the IgG imprinted electrodes was tested by using various proteins and
analogues as interferents to the differential potential voltammetry probe. The data indicated that
the cavities made on the IgG imprinted electrode were selective for IgG (29.3 +/- 0.7 A) over
the analogues (human serum albumin = 1.4 +/- 0.3 A, bovine hemoglobin = 2.1 +/- 1.2 A,
myoglobin = 1.7+/- 1.2 A, human immunoglobin M = 1.3 +/- 0.3 A, human immunoglobin A
= 1.3 +/- 0.3 A) at the same concentration (10-4 mg L-1) The imprinting factor of the
IgGIPs/AuNCs/NiNCs/Au compared to the non-imprinted counterparts were also observed
through signal response. The values of IgG detection were 10 times more selective in the IgG
imprinted polymers versus the NIPs, and negligible for all other proteins and analogues.
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It was determined that the MVL ATRP generated IgG imprinted polymers had comparable
selectivity and higher sensitivity for IgG (limit of detection = 2.0 x 10-8 mg L-1) than similar IgG
sensors.
1.3.3 Template Removal
Once polymerization is complete, the template molecule used to tailor the recognition site of
the MIPs must be removed. Efficient removal of the template molecule is not always
straightforward, and therefore this area of MIPs synthesis continues to expand. Depending on the
strategy, removal of the template molecule can often leave the MIPs with undesirable properties.
Vigorous and repetitive rinsing of the MIPs after polymerization with an appropriate solvent can
be an effective way to remove the target molecule. However, if all the target molecules are not
removed efficiently, leakage of the initial template molecule into the polymer during the
rebinding step can result in undesirable and artificially skewed detection. A handful of
techniques provide solutions to these issues, which mainly include surface imprinting,
epitope/substrate imprinting, and solid-phase imprinting.

Surface Imprinting
Surface imprinting is a method of forming MIPs that came to fruition to eliminate the
retention of template molecules within the interior of prepared microspheres after steps are taken
intended for their removal. This leads to undesirable properties such as template elution
difficulties, slow mass transfer, and low adsorption capacity of the target molecules. To tackle
this issue, the surface imprinting technique grafts a functional polymer to the surface of a solid
substrate, eliminating the interior of a MIP where template molecules have been shown to be
retained. Additionally, this morphology aids in the ability of target molecules to bind with
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Figure 7. SEM images depicting the stages of MIP synthesis. (A) a modified silica gel particle, (B) a non-imprinted particle, (C)
10K magnification of a surface modified imprinted particle and (D) 30K magnification of a surface modified imprinted particle.
Reprinted and adapted with permission from Zhou, H.; Peng, K.; Su, Y.; Song, X.; Qiu, J.; Xiong, R.; He, L. Preparation of
Surface Molecularly Imprinted Polymer and Its Application for the Selective Extraction of Teicoplanin from Water. RSC Adv.
2021, 11 (22), 13615–13623. Copyright 2021 Royal Society of Chemistry.

template sites because these sites are situated on the surface of the MIP instead of within.
The widely used nanomaterials as solid substrates for surface imprinting mostly fall into two
categories: silicon dioxide (SiO2) and iron (II,III) oxide (Fe3O4) nanoparticles. SiO2
nanoparticles are the most used substrate for preparing nano-NIPs as they provide a porous
structure which aids in the removal of template material. To ensure imprinting of proteins and
small molecules to this substrate, some functionalization steps are necessary for molecular
immobilization prior to MIP synthesis. For example, Zhou et al. investigated the utilization of
modified silica gel solid substrates for the selective extraction of teicoplanin from water samples
using surface molecularly imprinted polymers (Figure 7).91 To generate the surface MIPs, they
first functionalized the silica gel with 3-aminopropyltriethoxysilane to obtain an aminofunctionalized silica gel. These particles were then introduced to teicoplanin template molecules
which bind to the amino groups on the silica surface followed by functional monomer HPMA for
pre-polymerization. The system was subsequently cross-linked by employing trimethylolpropane
trimethacrylate to generate the MIPs. The template molecules were removed via extraction with
an acrylic acid/methanol solution until teicoplanin was no longer detected by HPLC. These
particles were subsequently dispersed in prepared lake, spring, and Pearl River water samples
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with known teicoplanin concentrations and characterized by HPLC for teicoplanin extraction.
This system exhibited strong adsorption capacity (152.6 mg/g at TEC concentration of 1mg/mL)
and selectivity for teicoplanin (compared against peptide antibiotics: VGM, BAT, CS and
macrolide antibiotics: SPM and TIM). Additionally, the generated surface MIPs were able to
extract between 81.4-94.6% of the total teicoplanin content from real water samples. This
therefore serves as an example of the successful removal of template material after surface MIP
synthesis and selective capture of target molecules utilizing the surface imprinting method with
SiO2.
Compared to SiO2 nanoparticles, core-shell MIPs based on Fe3O4 nanoparticles have gained a
wider attraction due to the high convenience of separation of Fe3O4 from the surrounding media
by applying a simple magnet. Therefore, these magnetic MIPs are widely used in protein
purification and proteomic research. Islam et al. took advantage of this technology to develop an
environmentally friendly method for the detection of Ni(II) in food and water samples.92 To do
so, the group generated Fe3O4 graphene oxide (GO) by co-precipitating Fe3O4 nanoparticles on
GO sheets which were then modified to introduce vinyl groups on the surface (Fe3O4@GO)
(Figure 8). The functionalized particles were subsequently reacted with allyl-modified
triethylenetetramine that had been coordinated to Ni(II) as the template molecule. A cross-linker,
ethylene glycol dimethacrylate (EGDMA), was then introduced to the system to complete the
formation of the surface MIP. The Ni(II) template was removed by extraction with acid,
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followed by neutralization of the MIP. This system was reported to have a high adsorption
capacity for Ni(II) of 48.4 mg/g. When evaluated against Cu(II), Zn(II), Cd(II) and Pd(II), it was
found that the surface MIP’s capacity was reduced but did still show a level of selectivity
towards Ni(II). The surface MIPs did perform significantly better than non-imprinted polymers
which showed almost the same adsorption values for the alternate ions as Ni(II).
Surface imprinting has been proven to be a viable technique for addressing the issue of
template retention on the interior of MIPs, which has shown to induce negative effects on the
behavior of the MIPs and their binding capabilities. Several substrate materials have been
evaluated for this purpose and have shown to produce MIPs with exceptional binding properties
while achieving complete template elimination.

Figure 8. A schematic representation of the synthetic route to the synthesis of Fe 3O4 based MIPs on graphene oxide. Step one
shows the functionalization of graphene oxide with Fe3O4 via co-precipitation. Step two corresponds to the addition of
methacrylate groups to the surface of the particles via coupling with 3-methacyloyl propyl trimethoxy silane (MPS). The MIP
was then generated in step three via the introduction of allyl chloride and subsequent polymerization in the presence of Ni(II).
Reprinted with permission from Islam, A.; Javed, H.; Chauhan, A.; Ahmad, I.; Rais, S. Triethylenetetramine-Grafted Magnetite
Graphene Oxide-Based Surface-Imprinted Polymer for the Adsorption of Ni(II) in Food Samples. J. Chem. Eng. Data 2021, 66
(1), 456–465. Copyright 2021 American Chemical Society.
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Epitope/Substrate Imprinting
Although surface imprinting addresses the problems that arise with macromolecular mass
transfer, whole proteins are still difficult to use efficiently for imprinting due to their complex
structure, numerous functionalities, and risk of denaturation. Therefore, decreasing the
complexity of protein structure and preparing MIPs with templates containing protein epitopes is
a promising strategy. As natural antibodies against a protein recognize their target via certain
sequential or conformational epitopes, MIPs can also be synthesized using an epitope-approach.
Epitope-imprinted polymers can not only distinguish the epitope peptide but also recognize the
entire protein in real samples. If the right epitope is selected, epitope imprinting has various
advantages, such as an abundant choice of templates, improved applicability in various reaction
conditions, and defined orientation to bind the target proteins.
Recently, Zhang et al. investigated the implementation of epitope imprinting for the detection
of human hemoglobin (HbA).93 Their work involved preparing two HbA imprinted polymers by
different approaches: a hierarchical approach where chemisorption of the template (N-terminal
pentapeptide VHLTP-amide of HbA) is performed before electropolymerization (scopoletin
monomer) and a single-step method of template and functional polymer mixtures. The MIPS
were then evaluated against the binding properties of entire proteins and specific peptide
molecules. The group utilized square wave voltammetry to evaluate the binding of these
molecules to the imprinted sites within the MIPs finding the hierarchically prepared particles had
greater binding ability than particles prepared via a one-step synthesis (Kd [dissociation constant]
of 7.13 vs 68.6, respectively). However, when further evaluating the systems utilizing surface
enhanced infrared absorption (SEIRA) Spectroscopy and atomic force microscopy (AFM) , they
found that non-site-specific binding was also taking place within the MIPs. This was because
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HbA would also strongly bind to a non-imprinted polymer film produced in the same way as the
MIPs but without a template for cavity generation. It was determined that this was due to noncovalent, out-of-cavity hydrophobic interactions between the target molecules and the polymer.
It is therefore obvious that while epitope imprinting is a promising technique for the specific
detection/adsorption of entire protein structures, there is still research required to achieve a
perfected technique that is understood and fully behaves in the desired manner.

Solid-Phase Imprinting
While surface imprinting and epitope/substrate imprinting have made improvements for
adsorption efficiency and protein targeting, room for enhancement of MIPs remain.
Solid-phase imprinting addresses issues such as limitations in solvent compatibility, template
removal, and material recyclability. This imprinting technique begins by functionalizing a solid
support, such as glass beads, with molecules that immobilize the template molecules. These
materials are then transferred to a vessel where the template is introduced and bound to the
substrate surface. Functional monomers are then added, along with initiator to initiate
polymerization around the template molecules in the interstitial spaces between the solid
supports. The excess material or polymer particles formed at a distance from the solid supports
are then washed away with solvent, leaving behind polymers that were strongly bound to the
template molecules. These can then be swollen with an alternate solvent to be removed from the
solid supports and template molecules and collected for evaluation and use.
Chiarello et al. evaluated the effect of polymerization time on the binding properties of
nanoMIPs prepared using solid-phase imprinting (Figure 9).94 This system was targeted at the
adsorption of ciprofloxacin and did so using functionalized glass beads as the solid substrate and
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acrylic acid, N,N’-methylene-bis-acrylamide, N-isopropylacrylamide (NIPAAm), and Ntertbutylacrylamide as the polymerization medium. They investigated a polymerization time
range from 15 minutes to 5 hours and tracked the adsorption and selectivity properties along with
particle size and the polymerization polydispersity index. They determined that because
polymerization time influences the size of the MIP along with the rigidity, the selectivity and
binding capabilities of the system were also affected. This was also attributed to the resultant
steric hinderance of the MIP cavity with ciprofloxacin. It was seen that short polymerization
times, below 2 hours, generated nanoparticles of low selectivity and high binding affinity;
intermediate polymerization times resulted in both high selectivity and binding affinity; and long
polymerization times found low binding affinity and selectivity values.
To further investigate the impact of various synthetic conditions, Cavalera et al. evaluated the
influence of bound template morphology, solvent, and the constituents of the polymerization

Figure 9. A representation of the solid-phase imprinting process for nanoMIP generation, where (1) the pre-polymerization
mixture is loaded onto glass beads, (2) polymerized, and (3) the poorly bound products are washed out before (4) nanoMIPs are
eluted for collection. Reprinted under the Creative Commons Attribution License from reference Charello, M.; Anfossi, L.;
Cavalera, S.; Di Nardo, F.; Artusio, F.; Pisano, R.; Baggiani, C. Effect of Polymerization Time on the Binding Properties of
Ciprofloxacin-Imprinted Nanomips Prepared by Solid-Phase Synthesis. Polymers 2021, 13 (16).
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mixture on the ability to bind ciprofloxacin.95 In each case, the MIPs were synthesized on
modified glass beads and were fully soluble in water, which is a difficult property to achieve
when utilizing other methods of MIP synthesis. They found that in all evaluated cases, the
synthesized nanoMIPs were able to bind ciprofloxacin in buffered water with binding constants
on the order of those for naturally occurring antibodies (105-107L mol-1) . They attributed these
values to the retention of only higher affinity MIPs from the solid-phase imprinting process,
which are then utilized in the binding affinity characterization. The group then evaluated the
specific polymerization parameters for their effect on the behavior of the synthesized MIPs. It
was seen that pH had a significant influence on the binding capabilities of the particles based on
the solvent they were generated in. Particles prepared in water showed a decreasing binding
constant with increasing pH while those prepared in acetonitrile showed an increasing value.
This is due to the state of protonation of the polymers involved in each of these systems which
directly influences the number of available binding sites and therefore the equilibrium binding
constant for ciprofloxacin. As all of these modifications to the polymerization system still
showed significant binding characteristics for ciprofloxacin, this study is an example of the
flexibility of the solid-phase imprinting method while noting that the selected system still
influences these properties and the modes by which these MIPs are formed.
Additionally, solid-phase imprinting allows for the formation of MIPs in a variety of solvents,
including water. For example, Mourão et al. investigated utilizing this technique for the
detection of nucleotides (which are hydrophilic molecules) in water.96 They found that MIPs
synthesized by first anchoring Fe3+ on glass beads followed by the introduction of adenosine 5’monophosphate (AMP) as the template molecule. The polymerization medium was then added,
which was comprised of NIPAAm, 1-(vinylbenzyl)thymine, and N,N-ethylenebis(acrylamide) to
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generate the MIPs. The beads were then washed with 2-(N-morpholino)ethanesulfonic acid
(MES) buffer solution to obtain particles for adsorption characterization. These nanoMIPs
showed high selectivity for AMP in MES buffer solution when evaluated against a range of other
nucleotides with similar morphologies and a maximum binding capacity of 1350 nm/mg of MIP
(Figure 10). This experiment is representative of the ability of solid-phase imprinting to broaden
the range of solvent systems that can successfully be used with MIPs.

1.3.4 Post-Imprint Modifications
Conclusion of MIP synthesis is usually reached after removal of the template molecule.
However, more recently there have been efforts to impart adaptations to MIPs after the initial
polymerization and imprinting steps.97–101
Just as post-translational modifications found in the biosynthesis of proteins and complex
molecules allow for an increase in proteomic diversity, post-imprint modifications (PIMs) impart
multi-functionality into the binding cavity of previously prepared MIPs. This permits for an

Figure 10. Plots of the equilibrium binding isotherms of AMP versus other nucleotides where AMP is represented by circles,
GMP by diamonds, CMP by triangles and UMP by crosses on imprinted (filled) and non-imprinted (unfilled) particles. (A)
represents polymers obtained in the presence of VBT and (B) shows polymers obtained in the absence of VBT. (C) depicts the
binding properties of polymers synthesized in the presence of adenosine (star) and ATP (square). GMP = guanosine 5′monophosphate disodium salt; CMP = cytidine 5′- monophosphate disodium salt; UMP = uridine 5′-monophosphate disodium
salt; ATP = adenosine 5′-triphosphate disodium salt hydrate. Reprinted and adapted with permission from Mourão, C. A.;
Bokeloh, F.; Xu, J.; Prost, E.; Duma, L.; Merlier, F.; Bueno, S. M. A.; Haupt, K.; Tse Sum Bui, B. Dual-Oriented Solid-Phase
Molecular Imprinting: Toward Selective Artificial Receptors for Recognition of Nucleotides in Water. Macromolecules 2017, 50
(19), 7484–7490. Copyright 2017 American Chemical Society.
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increase in molecularly recognizable substances and therefore additional efforts towards greater
affinity and selectivity within synthetic recognition sites. By including modular and adaptable
functionalities into the binding cavities, PIMs of MIPs (PIM-MIPs) have opened another avenue
for discovery in this field.102
Saeki et al. have produced PIM-MIPs through usage of a multi-functionalized PIM reagent
(PIR).103 By use of the PIR, a PIM-MIP that possesses multiple functionalities and additional
reaction sites within a single binding cavity was generated.
Through surface initiated ATRP, a MIP film was synthesized. A prostate specific antigen
(PSA) was used during polymerization as a template for specific targeting of glycoproteins that
are present in many prostate-related diseases. In a typical PIM-MIP synthetic route, imparting
multiple functionalities within the binding cavities can be challenging due to necessary template
modification needed to provide additional functional groups post-template removal. By using a
new PIR (PIR-C), the template molecule did not require alterations for sequential PIMs to occur.
First, the selection of a fluoro-functional monomer that contained boronic acid groups was
used to facilitate template binding through the interaction between cis-diol groups to form
boronate ester linkages. Following template removal, thiol groups were left exposed within the
binding cavity, where the PIR-C was attached through disulphide bonds. The added PIR-C was
functionalized with both secondary amino acid groups and a carboxyphenyl group to allot for
another PIM to occur, while retaining template-rebinding selectivity for PSA compared to IgG.
When treated with 1 mg mL-1 of human serum albumin (HSA), the less selective binding cavities
were masked and affinity was far greater for PSA than IgG (Ka = 1.18 x 109 M-1) (Figure 11).
The secondary amino acid groups attached by the PIR-C were then utilized to introduce
fluorescent Alexa Fluor 647 onto the MIP, where an increasing uptake of the desired PSA
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resulted in a corresponding decrease of fluorescent intensity. The addition of the final PIM with
Alexa Fluor 647 demonstrated comparable selectivity to the optimized MIPs pre-modification
(Ka = 2.82 x 109 M-1).
The researchers concluded that an increase in specific rebinding for the template PSA was
only plausible when the orthogonal dual interaction sites were both present within the polymer
matrix. Specific rebinding of the target was found to be highly selective and sensitive through
their synthetic approach by incorporating a PIR with optimized crosslinking density and blocking
treatments. This ultimately provided evidence that multi-functionality is important for the
specific recognition capabilities of PIM-MIPs for some selected templates, especially if those
templates cannot withstand intricate modifications. Thus, the use of PIRs that contain a variety of
functional group capabilities for specific analyte detection is an area of PIM-MIPs research that
deserves further acknowledgement.
Additionally, Tsutsumi et al. continued to investigate PIM-MIPs for the specific fluorescent

Figure 11. The determined selectivity factors of non-crosslinked (MIP), 10% crosslinked (MIP-10) and 20% crosslinked (MIP20) MIPs with dual orthogonal binding with respect to PSA (red), HSA (green), and IgG (blue). The MIPs were pre-treated with
1mg mL-1 of HSA prior to the determined selectivity to mask any undesirable, non-uniform binding cavities. Reprinted with
permission from Saeki, T.; Takano, E.; Sunayama, H.; Kamon, Y.; Horikawa, R.; Kitayama, Y.; Takeuchi, T. Signalling
Molecular Recognition Nanocavities with Multiple Functional Groups Prepared by Molecular Imprinting and Sequential PostImprinting Modifications for Prostate Cancer Biomarker Glycoprotein Detection. J. Mater. Chem. B 2020, 8 (35), 7987–7993.
Copyright 2020 Royal Society of Chemistry.
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detection of proteins through nanogels instead of bulk- and film-based MIPs.104
This time, utilization of a bivalent functional monomer enabled specific target protein binding
alongside the addition of secondary amino acid groups. HSA was used as the template protein for
imprinting of the nanogels.
Following template removal, the secondary amino acid groups were reacted with fluorescent
dye, ATTO 647 N, to form a PIM-MIP nanogel. As template rebinding with HSA occurred, an
increase in fluorescence was observed. Alongside this finding, the researchers determined
through use of reference proteins that the synthesized binding cavities were fluorescently
selective and responsive only towards HSA.
Fluorescent reporter molecules incorporated into MIPs are more efficiently achievable
through current PIM work. However, fluorescent signaling is not the only important substituent
to include in MIPs application. MIPs with interesting morphologies and chemistries incorporated
as PIMs are of considerable value in this field as well.105 As is observed in this review, exploring
the efficiency of multi-step PIMs is of great importance to the future of PIM-MIPs synthesis.
Research reported in Polymer Chemistry by Montagna et al. utilized a general approach to
synthesizing PIM-MIP nanoparticles containing hydrophilic polymer brushes on the nanoparticle
surface through RAFT coupling chemistry.106 Free radical polymerization was first conducted to
form MIP nanoparticles with moderate binding properties. By imprinting propranolol as a model
template molecule through non-covalent bonding with MAA, and copolymerizing with 1,1,1,trimethylolpropane trimethacrylate (TRIM) as a crosslinker, spherical nanoparticles were
obtained. Impressive selectivity and affinity for propranolol was observed by comparing the
MIPs to their NIP counterparts (Figure 12). In contrast to that of atenolol, an analogue to
propranolol, the MIPs showed greater affinity for propranolol.
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Through residual double bonds remaining mostly on the surface of the resultant MIP
nanoparticles, a dithioester and trithiocarbonate were both attached to the surface of the
nanoparticles through RAFT coupling chemistry. The resulting PIM-MIPs were decorated with
living polymer and retained impressive rebinding properties.
The researchers then extended the living polymer chains with NIPAAm to provide the MIP
with hydrophilic properties. This modification allowed for specific binding in water compared to
the non-specific binding observed in both the free radical and RAFT-coupled MIP nanoparticles
in aqueous media. The specific binding itself did not increase by the addition of NIPAAm, but
rather remained unaffected (0.07 to 0.08 mg mL-1 at K50) This finding highlights the importance
of the first PIM step for increasing binding efficiency on MIPs, while also demonstrating the
versatility of PIMs with added desirable traits through a multi-step approach.

Figure 12. A comparison in the amount (nmol) of bound propranolol between imprinted MIPs (blue) and non-imprinted NIPs
(orange) in (A) acetonitrile and (B) water, at varying stages of synthesis. The final MIPs (pNIPAm-CETAP@NPs) far outperform
the binding of propranolol than that of their NIP counterparts in both acetonitrile and water. Reprinted and adapted with
permission from Montagna, V.; Haupt, K.; Gonzato, C. RAFT Coupling Chemistry: A General Approach for Post-Functionalizing
Molecularly Imprinted Polymers Synthesized by Radical Polymerization. Polym. Chem. 2020, 11 (5), 1055–1061. Copyright 2020
Royal Society of Chemistry.
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1.4 Recent Application Advancements
While many parameters have been explored in the synthetic approach to MIPs, there are a few
notable application advancements that are more prevalent in the literature today. Such
application areas include a variety of environmental and food related efforts, while others spread
more deeply into biomedical and point-of-care procedures. There are many suitable reviews on
these topics,107–109 and therefore, the most recent techniques to address an array of applications
will be discussed herein.
MIPs generated with fluorescence in mind, electrochemical MIP-based sensors, and MIPs that
incorporate magnetic material are all of considerable interest recently.
1.4.1 Fluorescent Imaging
The ability to detect specific molecules, such as proteins, is highly sought-after in many areas
of chemistry and biomedical research. MIPs that harness fluorescence for this purpose offer a
unique approach towards fast and accurate detection of target molecules, with an emphasis on
specific selectivity of those materials.
In a recent study, Li et al. developed molecularly imprinted polymers with carbon-dot
(MIP@CD) fluorescent sensors to improve the detection of the over-the-counter drug,
naproxen.110 When released into the environment from mediums such as sewage, naproxen
negatively impacts natural bodies of water by promoting water pollution.
MIP@CDs were synthesized by adding the template naproxen to 3-aminopropyl
triethoxysilane (APTES), tetraethyl orthosilicate (TEOS) and previously synthesized CDs. The
product was then washed with methanol until there was no naproxen detected by UV-Vis
spectroscopy.
UV-vis absorption peaks at 360 nm and 448 nm in both MIP@CDs and non-imprinted
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polymers with carbon-dots (NIP@CDs) confirmed that the MIP layer did not alter the optical
properties of the CDs. They further studied the optimization of the detection conditions for
naproxen to determine the highest fluorescent quenching ratio. This was used to test naproxen
containing samples and determine the selectivity of the MIP@CDs. Results showed strong antiinterference when in the presence of structural analogues ibuprofen, ketoprofen, and fenoprofen.
The MIP@CDs had higher fluorescence quenching efficiency for naproxen due to the exact
complementary shape and size of the imprinted cavities for the naproxen over the analogous
compounds. Comparatively, the NIP@CDs were inefficient in the observed quenching behavior
for naproxen and all of the analogues. Competitive binding for naproxen versus the structural
analogues was tested by increasing the concentration ratio of ibuprofen to naproxen from 0 to 4.
The MIP@CD fluorescence quenching ratios for naproxen were unaffected by the increased
concentration of competitor analogue, demonstrating high affinity of naproxen to the MIP@CDs.
Additionally, the detection limit of naproxen for MIP@CDs (0.03 μM; range of 0.05-4 μM) was
less than and comparable to existing naproxen sensors. Naproxen recovery studies were then
performed in real samples to demonstrate MIP@CDs for naproxen sensing in practical scenarios.
Additionally, Wang et al. focused on creating a new catalyst-free approach to the synthesis of
fluorescent MIP (FMIP) nanoparticles using naproxen as a template molecule.111
In this method, APTES was coupled with FITC prior to polymerization as a fluorescent silane
monomer (FITC-APTES). Varying amounts of FITC-APTES were used to synthesize FMIPs
that would allow an observable distribution of FITC fluorophores. The resulting polymers,
FMIP1 and FMIP2 varied in color; however, IR spectroscopy displayed negligible differences in
polymer composition.
Upon testing the fluorescent properties of the FMIPs and the non-imprinted FNIPs, the
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imprinting factor between FMIP1 And FNIP1, and FMIP2 and FNIP2 were compared. FMIP2
had a greater imprinting factor than FMI1 (3.7 to 2.3, respectively), and was therefore selected to
further test the fluorescence response of the FMIP for naproxen against structural analogues
(Figure 13a). A much higher fluorescence response to naproxen was observed compared to all of
the analogues, proving that the FMIP had impressive specific recognition capabilities (Figure
13b). Additional examination of time-dependent fluorescent response showed that FMIP2 had a
shortened fluorescent response time (1 minute) to naproxen, widening opportunities for the
development of real-time detection techniques if the FMIPs were to be immobilized on a solid
substrate. Increased concentration of naproxen within the FMIP2 system was then tested to
identify the detection limit. While the detection limit (2 μM with a range of 10-80 μM) was
comparable to the reported fluorescence spectrometry method utilized (0.5 μM with a range of 287 μM), efforts to increase the detection sensitivity are required for future FMIPs.
Fluorescent detection of proteins was investigated when researchers Kubo et al. detected
bovine serum albumin (BSA) using protein imprinted hydrogels (PI gels) composed of
poly(ethylene glycol)(PEG).112 The fluorescent dye, 8-anilino-1-napthalenesulfonic acid (ANS),

Figure 13. (a) Fluorescent response between FMIP1 and FMIP2 and the corresponding NIPs specifically for naproxen, and (b)
the fluorescent response of FMIP2 to (S)-naproxen (NAP) and the following analogues (S)-ibuprofen (IBU), (R, S)-ketoprofen
(KET), (R, S)-flurbiprofen (FLU), 1-napthylacetic acid (1-NA), 2-napthrylacetic acid (2-NA) and benzoic acid (BA). Reprinted
and adapted with permission from Wang, F.; Wang, D.; Wang, T.; Jin, Y.; Ling, B.; Li, Q.; Li, J. A Simple Approach to Prepare
Fluorescent Molecularly Imprinted Nanoparticles. RSC Adv. 2021, 11 (13), 7732–7737. Copyright 2021 Royal Society of
Chemistry.
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was incorporated into a PEG-containing monomer prior to polymerization to assist in observing
the efficiency of the PI gels. The ANS moiety was found to selectively interact with the
hydrophobic part in BSA due to the imprint effect. AAm and NIPAAm were then added as
additional functional monomers to aid in the adsorption of BSA by the PI gels, mainly for
hydrogen bonding interactions, along with 4-vinylbenzyl trimethylammonium chloride
(VBTMAC) for increased ionic interaction. It was found that the ionic interactions of VBTMAC
did aid in the effectiveness of BSA adsorption, but the hydrogen bonding of AAm and NIPAAm
did not contribute to increased rebinding. However, excessive amount of VBTMAC randomly
interacted with BSA which decreased specific binding interactions. Concentration of VBTMAC
was optimized to improve adsorption selectivity and alter the fluorescence intensity. The new
PEG-ANS monomer improved selectivity to BSA while still incorporating the fluorescent dye
into the PI gels.
Researchers Yang et al. had a different approach: they investigated the development of a triple
emission MIP sensor that would allow detection of folic acid solely by the emission of color.113
The researchers successfully developed a MIP sensor that showed impressive selectivity and
sensitivity in detecting folic acid within real samples while maintaining their integrity. The group
first synthesized two separate MIPs templated with folic acid by encapsulating green- and redfluorescent quantum dots (g-QD and r-QD, respectively) on the surface of SiO2 nanoparticles
and imprinting through a sol-gel reaction. The MIPs were centrifuged and washed with MeOH or
ACN (dependent on g-MIP or r-MIP) to remove the templated folic acid. The green- and redemission non-imprinted polymers (g-NIPs and r-NIPs, respectively) were prepared in the same
manner as both g-MIPs and r-MIPs but without the addition of folic acid. Optimized
formulations were then synthesized through a post-imprinting method of mixing varied ratios of
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Figure 14. Fluorescence response of: (A) the triple-emission MIP with increasing concentration of folic acid from 0 to 50 ppm
and the effects on red (620-750 nm), green (495-570 nm), and blue fluorescence (475-495 nm). Inset chart is the logarithmic
function of the ratiometric change of intensity for green-, red-, and blue-emission peaks. (B) The triple-emission NIP counterpart,
with increased concentration of folic acid from 0 to 50 ppm and the corresponding red, green, and blue fluorescence. Inset is the
fluorescence response of green- and red-emission peaks with blue-emission spectral overlap removed for clarity. Reprinted and
adapted with permission from Yang, Q.; Li, C.; Li, J.; Wang, X.; Arabi, M.; Peng, H.; Xiong, H.; Chen, L. Rational Construction
of a Triple Emission Molecular Imprinting Sensor for Accurate Naked-Eye Detection of Folic Acid. 2020, 12, 6529. Copyright
2020 Royal Society of Chemistry.

g-QD and r-QD MIPs to make triple-emission MIP. The same was done for the NIPs.
Detection results were evaluated using a portable UV lamp to observe a blue color change
corresponding to the folic acid content within the complex samples. The corresponding
fluorescence between the triple-emission MIPs and NIP counterparts were also investigated. As
the concentration of folic acid was increased (0 – 50 ppm), a decrease in green fluorescence (1
ppm) followed by a decrease in red fluorescence (5 ppm) was observed in the MIP. As a result
of the red and green fluorescence being hindered through the uptake of folic acid in the MIP,
expressed blue fluorescence intensified (Figure 14A). The ratiometric intensity change of red-,
green-, and blue-emission peaks was found to obey a logistic function (r2 = 0.9988) (Figure 14A
inset) and an extremely low limit of detection (0.0052 ppm). The NIP sensor had unaffected red
fluorescence with increased addition of folic acid (Figure 14B), however, green fluorescence was
raised. The researchers then eliminated the effect of spectral overlap from the blue-emission peak
(Figure 14B inset) and determined that the green- and red-emission peaks were weakly quenched
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by increasing folic acid. The NIP also did not change from yellow to a pink-purple color until the
concentration of folic acid was higher than 30 ppm (Figure 14B). The researchers concluded that
the MIPs contained numerous folic acid specific cavities within the imprinting layer, and that the
small amount of intensity found within the NIP sensors was attributed to nonspecific adsorption.
The use of MIPs in fluorescent imaging has also recently been applied to biological
applications such as bioimaging.
Wang et al. synthesized MIPs using a peptide chain (WKFKGRDIY) template, fluorescent
calcium peroxide copper acrylate comonomer, NIPAAm, N,N‘-bisacrylylcystamine crosslinker,
AIBN initiator, and 4-vinylpyridine.114 The peptide chain selected is that of the CD47
extracellular domain of a cancer cell, utilizing the epitope imprinting technique discussed
previously. CD47 is part of the superfamily of immunoglobin and is often overexpressed on the
surface of cancer cells, making it a suitable target for the detection of cancer. After being
incubated for only 4 hours, the cells displayed a notable blue fluorescence when bound with the
fluorescent MIP. The MIP was able to target CD47-positive cells and perform accurate
fluorescence diagnosis analysis. Increased fluorescence response was observed when CD47positive cells were in higher concentration when combined with both the MIP and NIP, however,
the MIP demonstrated much stronger fluorescence response in comparison to the NIP.
Additionally, specific binding to CD47-positive cells was tested by introducing 293T (normal)
cells. Although fluorescence was detected for these cells, the response was considerably weak.
Interestingly, the MIP and NIP response to the 293T cells was indistinguishable, suggesting that
the imprinted cavity had no role in the fluorescence observed with the normal cells. This means
that the MIP they synthesized was not only able to recognize peptides, but that it was binding
specifically to the CD47 protein located on the cancer cell membrane.
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1.4.2 Electrochemical Sensors
An avenue of MIP exploration that has great potential is that of electrochemical sensors.
Aside from the preparation of MIPs being rather simple, electroanalytical chemical sensors that
utilize imprinting techniques have a multitude of advantages. Most notably, modification of an
electrode surface with MIP or MIP film greatly increases the selectivity of the sensor. Multiwalled carbon nanotubes (MWCNT) and metal organic frameworks (MOFs), made of metal ions
and organic ligands, have been used to improve the performance and selectivity of
electrochemical sensors by preventing the assembly of undesirable guest nanoparticles. Han et
al. detected chloro-1,2-propanediol (3-MCPD) with a hybrid MOF/MWCNT MIP system.115 3MCPD is a common additive in food that may be linked to lower sperm count and certain
cancers. The molecularly imprinted electrochemical sensor (MIECS) developed to improve the
selectivity of 3-MCPD.
The MOF/MWCNT hybrid (ZIF-65@CNTs) was developed on carboxylated MWCNT
(cMWCNT). cMWCNTT/MOF-199 composites were added to the surface of glassy carbon
electrodes to improve sensitivity and increase the overall surface area of the electrode. With 3MCPD as the template molecule and o-phenylenediamine (o-pd) as the functional monomer, the
two were first joined through hydrogen bonding to form a pre-polymerization solution. Then, an
electrochemical polymerization on the cMWCNTT/MOF-199 modified electrode was performed
with the 3-MCPD/o-pd solution. Removal of the template molecule required the electrodes to
soak in a methanol/acetic acid (v/v 9:1) eluent before rinsing with distilled water and drying at
room temperature. With potassium gerricyanide as the redox probe, the electrochemical
performance of the modified electrodes were tested. The MIP-modified electrodes had a lower
observed current when compared to the electrodes that lacked MIP. This was attributed to the
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electron transfer on the surface of the electrode being hindered because of the non-conductive
membranes leftover within the imprinted cavities. Then, during the rebinding of 3-MCPD, a
lower current was observed when compared to the emptied imprinted cavities, due to the
lessened conductive area of the electrode.
Cheng et al. developed molecularly imprinted chemiluminescence (MIECLS) sensors for the
detection of bisphenol S (BPS) in drinking water.116 BPS is often used as a substitute for
bisphenol A (BPA) so plastics can be advertised as “BPA-free”, but BPS has been found to be an
environmental toxin that has disruptive effects to the endocrine system and is released into
drinking water in commercial water bottles.
The researchers used a cobalt nitride (CoN) nanoarray as a metal nitride, grown on carbon
cloth (CC) as a bifunctional electrocatalyst. Metal nitrides have emerged in more recent sensing
applications as electrode enhancers. CoN specifically can increase electronic conductivity,
provide a large specific surface area, is chemically stable, resistant to corrosion and possesses
favorable catalytic activity. BPS was used as the template molecule, and the MIP was
synthesized with a mixture of MMA and EGDMA. The MIECL sensor was made by immersion
of the electrode surface into the MIP solution before removing the template molecule in a 9:1
rinse of methanol and acetic acid.
The morphology of the MIECL sensor was characterized by SEM (Figure 15A-D), where the
CoN precursor was observed to have a needle-like nanoarray morphology (Figure 15A). The
morphology was unchanged after the modification of the electrode by an ammonia nitride
transformation (Figure 15B). Then, the modified electrode was evenly covered with a MIP film
(Fig. 15C), and a similarly uniform distribution of the NIP membrane along the modified
electrode surface was observed (Figure 15D). There was no distinguishable difference between
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Figure 15. SEM images of (A) the CoN precursor at 30m with inset of 2m magnification, (B) the CoN/CC at 10m with inset
of 500nm magnification, (C) MIP with probe(Ru(bpy)32+/Nafion) /CoN/CC prior to elution, (D) NIP with probe
(Ru(bpy)32+/Nafion)/CoN/CC prior to elution, (E) low-magnification TEM image of CoN/CC, (F) high-magnification TEM image
of CoN/CC. Reprinted with permission from Cheng, R.; Ding, Y.; Wang, Y.; Wang, H.; Zhang, Y.; Wei, Q. A Novel Molecularly
Imprinted Electrochemiluminescence Sensor Based on Cobalt Nitride Nanoarray Electrode for the Sensitive Detection of
Bisphenol S. RSC Adv. 2021, 11 (18), 11011–11019. Copyright 2021 Royal Society of Chemistry.

the MIP and NIP before elution. Transmission electron microscopy (TEM) analysis confirmed
the porous structure of the CoN/CC at low- and high-magnification (Figure 15E and F,
respectively).
Observation of the electrochemiluminescence response showed that the MEICL sensor was
sensitive to BPS in solution by a notable decrease in the electrochemiluminescence response.
The MEICL sensors had a BPS-sensitive limit of detection (8.01 x 10-10 mol L-1) that was
comparable to current BPS detection methods, and was unaffected by the introduction of
analogous molecules.
Grothe et al. investigated the detection of the molecule 4-amino benzoate (BZC).117 BZC is
known as a local anesthetic that is commonly used in dentistry, but has recently been traced as a
common additive circulating in drug misuse. Using electro polymerization, an electrochemical

43

MIP (e-MIP) using BZC as a template molecule and 3-amino-4-hydroxybenzoic acid (3,4AHBA) as a functional monomer was synthesized. In addition to functioning as the functional
monomer, 3,4-AHBA was necessary for preventing oxidation of BZC. After optimization of the
e-MIP cyclic voltammetry cycles, applied scan rate of electro polymerization, and incubation
time, theoretical studies were performed to reduce experimental time. A realistic simulation of
the e-MIP synthesis was developed by a combined Monte Carlo-Quantum Chemistry protocol.
Results of the e-MIP confirmed the presence of BZC in human urine, but more data will be
necessary to apply the e-MIP to in situ rapid identification of various drugs within mixed
samples. The group worked to optimize the sensors performance and hoped to create a long-term
stable e-MIP that is available to the public.

1.4.3 Magnetic Response
Fe3O2 nanoparticles are an emerging platform to produce surface imprinted MIPs. Along with
the inherent benefits of being surface imprinted, MIPs with superparamagnetic Fe3O2 cores offer
enhanced retrievability via an external magnet. This enhances the template removal process by
removing time consuming processes such as centrifugation or filtration and eliminates the need
for organic solvents (application dependent). The combination of magnetic retrievability from
the nanoparticle core with imprinted surfaces that are highly specific to sought after targets allow
for magnetic MIPs to be highly useful for applications in extraction and separation fields. Sought
after targets include toxic and carcinogenic hexavalent chromium, microbial biomarkers and
flavonoids that would otherwise be discarded with agricultural waste.
Kumar et al. investigated targeting one of these toxic compounds via the selective adsorption
of Cr(VI) from wastewater using a dichromate ion-imprinted amine functionalized silica-capped
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iron oxide nanoparticle.118
The MIPs utilized a dichromate ion template and implemented a coprecipitation
polymerization method. The reaction mixture consisted of 4-vinylpyridine as a ligand, methyl
methacrylate (MMA) as a functional monomer, EGDMA as a crosslinking agent and AIBN as an
initiator. Selectivity of Cr(VI) MIPs was investigated through batch sorption experiments in a
binary phase solution system with various competitor ions of comparable atomic radii. A greater
distribution coefficient and selectivity coefficient for Cr(VI) was observed when compared to all
other ions under study. The high selectivity of Cr(VI) was attributed to complexation with the
binding site. The Cr(VI) imprinted MIP effectively removed over 96% of spiked Cr(VI) ions
from real water samples from a local canal.
Another example of magnetic MIPs comes from Rajpal et al. who developed MIPs for the
detection the Pseudomonas aeruginosa biomarker pyocyanin in various biological media, with
applications in the culture free detection of P. aeruginosa.28 To produce such MIPs, they first
prepared silica modified Fe3O2 nanoparticles with tetraethoxysilane. The modified nanoparticles
were then functionalized with 3-methacrylooxypropyltrimethoxysilane to display vinyl end
groups for later polymerization of various monomers and crosslinkers in the presence of
pyocyanin. The imprinting factor was measured for four combinations of monomers and
crosslinker. MIPs prepared with a methacrylic acid(MAA) monomer and divinyl benzene(DVB)
crosslinker had an imprinting factor of 5.0, which is impressive considering the next highest
imprinting factor was found to be 1.301 for an MIP prepared with acrylamide(ACR) monomer
and DVB crosslinker. The DVB-MAA-MIPs were able to detect pyocyanin in bacterial cell
culture as well as various buffers. Batch sorption experiments with pyocyanin and other
structurally similar molecules revealed specificity of the MIPs for pyocyanin.
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As agricultural industries produce waste often containing useful compounds, efforts to extract
these compounds are also in development. For example, Tian et al. developed a hierarchically
assembled magnetic MIP to sequester luteolin (LTL), a flavonoid with various pharmacological
applications.119
In a layer-by-layer assembly, polyethyleneimine (PEI) was first attached to amino modified
Fe3O2 nanoparticles. The template, LTL, was then immobilized on the surface of the generated
Fe3O4-PEI nanoparticles before attaching a polydopamine imprinting layer. Subsequent elution
of the LTL templates left behind the layer-by-layer assembled MIP whose imprinting layer
resembles a thin sandwich. This layer-by-layer assembly offers more orderly and evenly
distributed imprinted sites as well as improved adsorption capacity for LTL when compared with
a copolymerized MIP. Additionally, the layer-by-layer assembled MIP showed much shorter
adsorption equilibrium times compared to related LTL-imprinted polymers, higher maximum
LTL adsorption compared to precursor Fe3O2-NH2 nanoparticles as well as selectivity for LTL
compared to four small molecules with structural similarities. The adsorption selectivity of
Fe3O4-LTL-MIPs for LTL and the four analogous compounds was compared to that of the
Fe3O4-NIPs (Figure 16). The MIPs showed a higher adsorption capacity for LTL (66.03 μmol g1

). The MIPs also demonstrated a high imprinting factor (3.94) which suggested great selectivity

of the MIPs towards LTL versus the NIPs. Importantly, the MIPs successfully sequestered LTL
from a more chemically complex sample, honeysuckle leaf extract. The superparamagnetic
Fe3O4-NH2 core allowed for a magnetic separation compared to other LTL-MIP detection
methods, which commonly use centrifugation or filtration in combination with longer
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Figure 16. Adsorption selectivity of Fe3O4-LTL-MIPs and Fe3O4-NIPs for the template molecule luteolin (LTL), analogous
compounds to the template quercetin (QU) and rutin (RT), and coexisting competitors of the template caffeic acid (CA) and
chalcone (CH). Reprinted with permission from Tian, X.; Gao, R.; Wang, Y.; He, Y.; Hussain, S.; Heinlein, J.; Tian, J.; Pfefferle,
L. D.; Tang, X.; Tang, Y. Layer-by-Layer Assembled Magnetic Molecularly Imprinted Nanoparticles for the Highly Specific
Recovery of Luteolin from Honeysuckle Leaves. Green Chem. 2021, 23 (10), 3623–3632. Copyright 2021 Royal Society of
Chemistry.

preparation times and higher temperatures to retrieve LTL.
MIPs with magnetic functionality are becoming increasingly useful with applications of
sensing as well as retrieval of compounds from complex media for both bioremediation and
resource preservation from otherwise discarded products.

1.5 Summary and Outlook
The “toolbox” for MIP chemistry is rapidly expanding, with notable advancements in the
preparation of MIPs with high affinity and sensitivity towards target molecules. Recent literature
in the MIP field has improved the overall understanding of fundamental receptor-target
interactions and broadened application potentials of MIPs into fields such as biomedical sciences
and environmental remediation.
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Recent advancements in the preparation of MIPs has moved from traditional radical
polymerization towards controlled radical polymerization techniques. Synthetic choices such as
the use of RDRPs allow for the preparation of more homogenous MIP samples. The use of
RDRPs as well as employing PIMs enhances specificity towards target molecules.
Furthermore, the inclusion of core-shell architecture in MIPs has allowed for major
improvements in the field. These include surface imprinting which enhances removability of
target molecules after MIP preparation through enhanced mass transfer, solid-phase imprinting
which broadens the pool of compatible solvents, and magnetic retrievability of the MIPs whose
cores are superparamagnetic. Additionally, solid phase imprinting and magnetic retrievability
both improve material recovery. Through enhancements in recovery of MIPs and reversible
bonding of bound target molecules, the lifetime of MIPs is being extended.
The overall application of MIPs fit into an array of research areas but follow similar patterns
in the targeted detection and removal of substances within complex mixtures. Drugs like
naproxen have been imprinted and detected in real water samples by MIPs with fluorescent
capabilities. In an epitope-type imprinting approach, peptide chains found on cancer cells have
been imprinted into MIP cavities for later fluorescent imaging and were distinguishably selective
towards the entirety of the cancer cells compared to the normal cells. Through surface imprinting
onto the sensor, MIPs have been used to improve electrochemical sensor sensitivity by aiding in
the selectivity directly at the electrode. The improved sensors have comparable, if not lower
limits of detection for targeted molecules extracted from real samples. MIPs that facilitate a
magnetic response are of increased interest in physically separating toxic substances from real
samples and have also been reported to recover valuable substances from waste production.
There are still considerable milestones that require attention before such synthetic materials
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replace their biological equivalents for complex molecular recognition.
Expansion is necessary in the overall selection of functional monomers and crosslinkers that
are compatible with MIP preparation techniques. By widening the list of monomers and
crosslinkers available for this process, future imprinting will be able to handle more sensitive and
biocompatible template molecules. As a result, the library of template molecules imprinted into
MIPs following an epitope imprinting approach may see a tremendous increase in the next
decade.
The future of MIP adaptation will need to continue moving towards more post-imprinting
techniques, where functionality is added after the imprinting process to not only increase
selectivity, but to adjust the properties of the polymers. Solubility, sensitivity, selectivity, and
other adjustments can then be made onto the MIP to increase application. On a similar note, the
recyclability of MIPs is an important feature allowing for a future with more sustainable
synthetic practices. Future work in this field will likely see a greater emphasis on material
recyclability where a multitude of rebinding moments may be observed before the MIP or
template molecule is no longer retrievable.
With these areas in mind, MIPs have gained considerable traction in the last decade, where
the generation of more intricately detailed and fine-tuned materials is surely underway.
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CHAPTER 2 – POST-POLYMERIZATION MODIFICATION OF AZLACTONEFUNCTIONALIZED POLYMERS FOR OPIOID DETECTION VIA RAFT
POLYMERIZATION

2.1 Introduction

The synthesis of opioid receptor mimetic polymers (ORMPs) is primarily driven by the
devastating and continuous outcome of the opioid epidemic in the United States. The goal of this
research project was to synthesize a novel polymer scaffold that binds to both synthetic and
natural opioids, generating a detectable response in micro-electrochemical systems (MEMS).
The biomimetic nanomaterials could later be used for the detection of specific opioid content via
a chemical transduction effect, recycled with no byproducts, and utilized at low cost.
A recent health advisory released by the CDC suggests the largest number of drug related
deaths in a 12-month period were caused by synthetic opioids, demanding an expansion on
response activities and prevention.120 At the epicenter of the most lethal drug crisis in American
history is the synthetic opioid fentanyl. Fentanyl is a schedule II narcotic, originally developed as
an analgesic, that has dominated drug-related fatal overdoses in the past decade.121,122 While
overdoses in New Hampshire have not increased in the past few years, misuse of fentanyl
remains the primary culprit of confirmed drug deaths across the state. Data from 2020 says 76%
of the yearly fatal overdoses in New Hampshire were caused by fentanyl-related
complications.123 Fentanyl is 100x more potent than morphine, with a lethal dose of only 3
milligrams.124 Newly emerging fentanyl derivatives, such as carfentanyl and sufentanyl, can
cause life-threatening respiratory depression with as little as 30 micrograms (Figure 17). A
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Figure 17. Fentanyl derivatives and their relative potency and lethal dosage amounts compared to that of
morphine.

higher risk of fatal overdose is observed when drugs such as heroin or cocaine are unknowingly
adulterated with synthetic opioids to increase euphoric effects at a lower cost.125 First responders
are also at risk of exposure as fentanyl encounters increase across the nation.126 Additionally, any
delay in patient care while responders work to identify substance mixtures is the difference
between life and death. Such mixtures, notably white powders, are completely indistinguishable
to the naked eye (Figure 18), creating the need to develop a quick, safe, and reliable method of

Figure 18. Visual comparison of opioid lethal dosage amounts; table salt (NaCl) was
used in place of opioid to visualize the corresponding amounts depicted within this photo.
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opioid identification.127
Much like molecularly imprinted polymers, a similar concept was derived to integrate the
functionality found within the opioid receptor proteins of the brain and spinal cord with synthetic
polymers for selective binding. Opiates and their related peptides produce pharmacological
effects through a process of membrane binding to such receptors,128 and are of considerable
interest in terms of synthetic replication. For example, molecular imprints of opioids enkephalin
and morphine were successful in demonstrating specificity comparable to that of receptor
binding sites.129
By mimicking the functionality found within native µ-opioid receptors, ORMPs afford a
novel nanomaterial with improved binding affinity to identify opioid content within an unknown
mixture—all while binding to MEMS. Attaining an accurate and cost-effective method of opioid
detection for use by first responders, medical professionals, and other at-risk persons was an
overarching goal for this project.
ORMPs create a system that can accommodate opioids via dynamic reorientation of the
bonding around a guest opioid molecule. The design is completely tunable, allowing for rapid
fabrication and screening of several materials without the need to redesign the synthetic route.

2.2 Results and Discussion

2.2.1 Monomer Design
Synthesis begins with the production of the monomer 2-vinyl-4,4-dimethyl azlactone
(VDMA) (Scheme 1a). VDMA was selected as the primary monomer in this project due to the
ring-opening nature of azlactone when reacted with primary amines at desirably low/ambient
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temperatures. Generating a material that is easily accessible in terms of functional group addition
allowed for a polymer that is cheap to synthesize and adjustable with commercially available
primary amine substituents. VDMA was synthesized in a two-step synthesis (Scheme 1a).

Scheme 1. (a) The proposed synthetic route of monomer VDMA. (b) RAFT polymerization of VDMA to PVDMA, followed by the
addition of functional design element(s). (c) Chemical recognition units to be added to PVDMA post-polymerization at 10-20%
incorporation. (d) Carbon allotrope affinity unit to be added to PVDMA post-polymerization at 2-5% incorporation.

2.2.2 Polymer Synthesis
The monomer VDMA first undergoes a reversible-addition fragmentation chain-transfer
(RAFT) polymerization, resulting in poly(2-vinyl-4,4-dimethyl azalactone)(PVDMA) (Scheme
1b). Molecular weights were then characterized by size-exclusion chromatography with multiangle light scattering (SEC-MALS) to provide absolute molar masses. Initially, a random
polymerization between VDMA and MMA was sought after due to the availability of MMA versus
the slightly lengthened process to achieve purified VDMA at lower than desired yields. The lower
yields of VDMA monomer were attributed to the ring-closing step which remains within
equilibrium. However, after experiencing difficulties during the random copolymerization with
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MMA, investigation into the reactivity ratios of the two monomers revealed that increasing the
amount of VDMA within the system would result in a higher rate of polymerization overall.131
Therefore, the homopolymerization of VDMA was considered as a more suitable approach to
the desired product than as a random copolymerization with MMA. This would also allow for a
greater uptake of primary amines during the post-polymerization functionalization step. Additional
studies provided that higher VDMA content generates a polymer with higherresistance to
hydrolysis in free radical polymerizations, though this also resulted in material that was insoluble
in most solvents due to the hydrophobic nature of VDMA prohibiting dissolution.132,133
Several variations of functionalized polymers were created in this project to show the versatility
of the PVDMA polymer, however, the molecular weight of the precursor PVDMA homopolymer
remained consistent throughout the duration of the experiment due to the complexity of the
functional groups. The polymer was targeted at 25-30 kg/mol. Admittedly, controlled radical
polymerization was not necessary for the desired homopolymerization. Though, keeping the
molecular weight controlled throughout the study helped to better understand PVDMA synthesis
through RAFT polymerization and the associated post-functionalization process.
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Figure 19. Precursor polymer 1.1(30kDA) and precursor polymer 1.2 (25 kDa) traces provided by SEC-MALS.
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(dodecylsulfylthiocarbonyl)sulfanyl]pentanoic acid and AIBN in toluene. It was later determined
through 1H NMR that a broad peak appearing at ~7.2-7.7ppm was indicative of hydrolysis
occurring at the VDMA pendant chain. Similarly, in CDCl3, these peaks appear at ~7.7-8.0ppm.133
While the polymer was still able to be functionalized through a reaction with primary amine, the
amount of functionalization was reduced due to the reduction in ring-opening reactions available
along the polymer.
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Figure 20. Proton NMR of P 1.1 showing the hydrolysis of VDMA pendant groups at ~7.2-7.7 ppm in DMSO-d6. The broadened
peak at this area is the carboxylic acid group of the ring-opened product.

A few hypotheses were drawn from these findings, mainly that the hydrolysis peak observed
was amplified due to water content within DMSO-d6 for NMR characterization. However,
competition between the desired amide bond formation through either azlactone reacting with
primary amines or azlactone hydrolysis to carboxylic acid was observed for the functionalized
polymers. It was later determined that the functional units contained hydrochloric acid to increase
their shelf life, where dilute HCl can cause hydrolysis of VDMA (Figure 21). This was adjusted
for the polymers that were synthesized later in the project. Reactions with the thiol group of the
selected CTA were not considered during the study, although, it is possible that a reaction between
the azlactone and thiol groups could result in undesirable products. Adjusting the solvent of the
reaction from toluene to benzene and the CTA to DMP resulted in a decrease of hydrolyzed
substituents on the polymer chain.
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Figure 21. Structure of the polymers, which includes the incorporation of VDMA and the ring opened, hydrolyzed VDMA side
chains, along with the pentanoic acid and thiocarbonylthio chain ends of the CTA 4-Cyano-4[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid..

2.2.3 Post-Polymerization Modification
ORMPs mimic the natural process of µ-opioid receptors by incorporating tyrosine- and
histidine-like functionality along the polymer chain. In the native µ-opioid receptor, the binding
pocket is decorated with amino acid residues, like tyrosine and histidine, which act as
recognition sites for opioid molecules (Figure 22). The phenol group of tyrosine provides a
hydrogen bond donor to react with the tertiary nitrogen and carbonyl oxygen found on many
opioids. The aromatic ring on tyrosine also offers pi-pi stacking interactions, while histidine
residues supply supramolecular sigma-pi type interactions involving the phenyl ring of many
Figure 22. The
binding of an
opioid to the µreceptor is a
multivalent and
geometrically
defined
interaction. This
depiction (right) is
consistent with Xray
crystallography of
the active binding
site of the µreceptor, providing
functional group
analysis.

opioid analogues. As seen in previous work,130
tyrosine and histidine may also interact
together via hydrogen bonding, forming
dynamic crosslinks prior to opioid binding,
either with each other or individually. When an
analyte such as fentanyl is introduced, these
crosslinks rearrange as new bonds onto the
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analyte. Reorientation of bonding patterns act as a switch when an analyte is coupled versus
when it is decoupled allowing for recyclability of the material. Coupling to the analyte also alters
the electrochemical composition of the polymer, resulting in a detectable response for different
opioid molecules by MEMS. Tyrosine-like and histidine-like recognition units are commercially
available and cost-effective compounds that closely resemble functional group residues present
in the µ-opioid receptor (Figure 23). The addition of pyrene represents another design of
ORMPs, which is added to facilitate an interaction between carbon allotropes in composite
formulation for MEMS fabrication. Pyrene functionality allows for a pi-pi stacking effect onto
the MEMS carbon allotrope component, commonly composed of carbon nanotubes or graphite.
Commercially available amine-containing recognition units were directly coupled with
PVDMA side chains through a ring-opening reaction under mild conditions, introducing the
desired µ-opioid receptor copycat-effect with no byproducts (Scheme 1c). The initial target was
to functionalize 10-20% of pendant groups by coupling the reactive portion of the pendant group
with equimolar tyrosine-like and histidine-like moieties. In addition to the chemical recognition
groups, 2-5% molar incorporation of amine-containing pyrene were sparsely added along the
polymer to ensure carbon allotrope units necessary for MEMS fabrication (Scheme 1d). This
allotropic unit acts as the communicative and physical link between ORMPs and a final MEMS
device.
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Figure 23. Depiction of all functional groups found in the binding pocket of native µreceptors. Functional design element of the initially proposed tyrosine- and histidinelike units for a commercially available approach to chemical recognition units.
Proposed pyrene functional unit to aid in carbon allotrope affinity for MEMS.

A common issue in polymer synthesis and characterization is that solubility is not always
achievable, even in extremely polar aprotic solvents like DMSO. To address this, hydrophilic
and hydrophobic units attached to PVDMA were investigated. This demonstrated the versatility
of the homopolymer while also accounting for future added functional groups altering the
solubility of the polymers in an undesirable way. For hydrophilic altercations, m-d(PEG)4-amine
was attached to the PVDMA side chains, whereas the hydrophobic unit was t-butyl amine. It was
later realized that the t-butyl amine utilized was isobutyl amine hydrochloride, and that the
addition of the HCl within the reaction was contributing to the increase in hydrolysis observed
along the polymer. However, excess hydrolyzed units were also increasing the solubility of the
polymer. This was not considered a large issue since the targeted incorporations of functionality
were low. In fact, addition of the isobutyl amine and PEG-amine units may later be unnecessary
in the synthesis of this material due to VDMA itself acting as a hydrophobic substituent, and the
hydrolyzed portion aiding in hydrophilicity.
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Since these polymers were to be utilized in MEMS, the successful addition of amino pyrene
was the most important part of this project. Without amino pyrene, even if the other functional
groups were perfectly decorated along the polymer, there would be no strong communicative
link between MEMS and the synthetic receptor. Therefore, optimization of pyrene incorporation
while balancing the solubility of the polymer became the immediate approach.
The histidine- and tyrosine-like functional groups that were chosen were histamine and 4amino(methyl) phenol, respectively. While 4-amino(methyl) phenol added onto the polymer
chains normally, histamine was not observable within 1H NMR data following the
functionalization step. At present, only 4-amino(methyl) phenol was added to the polymers for
characterization studies of the functional design elements.
Table 1 represents the polymers that were synthesized and functionalized for this project. P
1.1 was a 30kDa polymer with solubility in acetone, THF, chloroform, DMF and DMSO. The
following 8 polymers, P 1.1.1—P 1.1.8 were all functionalized from P 1.1, and all had
difficulties dissolving in most solvent other than partially in THF and fully in DMSO. P 1.1.2
was targeted to have all three functional group mimics; however, it is believed that the polymer
was fully hydrolyzed due to histamine having been preserved with HCl. Polymer P 1.2 was
generated at 25 kDa with solubility in acetone, THF, chloroform, DMF and DMSO. The
resulting two functionalized polymers, P 1.2.1 and P 1.2.2 were functionalized with the amino
pyrene and amino(methyl) phenol groups with higher solubility than the previously synthesized 8
functional polymers.
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Table 1. A combination of P 1.1 and P 1.2 precursor polymers and the various post-polymerization functionalized polymers of
each.

Polymer

MW
(kg/mol)

PEGt-butyl
amine amine

4amino(methyl)
phenol

1-amino
pyrene

P 1.1
P 1.1.1
P 1.1.2
P 1.1.3
P 1.1.4
P 1.1.5
P 1.1.6
P 1.1.7
P 1.1.8

30

30
5
5
10

5
5
10
10

-

5
10
10

P 1.2

25

-

-

-

-

P 1.2.1

-

-

-

30

P 1.2.2

-

-

10

5

Solubility
Acetone, THF,
Chloroform, DMF, DMSO
THF, DMSO
THF, DMSO
THF, DMSO
THF, DMSO
THF, DMSO
THF, DMSO
THF, DMSO
THF, DMSO
Acetone, THF,
Chloroform, DMF, DMSO
Acetone, THF,
Chloroform, DMF,
DMSO
Acetone, THF,
Chloroform, DMF, DMSO

2.2.4 Preliminary Baseline Results
Solutions of each polymer sample are dispersed into thin films for processing. A
chemicapacitor, composed of two electrodes, is then separated by the polymer film being tested.
When the polymer film interacts with the desired target analyte, a change is observed in the
overall dielectric.
Chemicapacitor baseline results of P 1.1.1 – P 1.1.6 in solvent were tested by Seacoast
Science, LLC. Issues with the film processing of P 1.1.7 and P 1.1.8 occurred even with
formulations in DMSO. It is thought that over time, the polymers experience even more
hydrolysis along the polymer chain. Final polymers P 1.2.1 and P 1.2.2 are currently under
processing. These vapor responses are preliminary results, act as a baseline to future tests, and
are not clear evidence as to whether the polymers are suitable for opioid detection or not.
61

Each of the polymer-coated chemicapacitors were exposed to five concentrations of solvent
vapors in a humidity-controlled chamber. Concentrations of the solvents, MeOH (black), IPA
(red), acetone (yellow), and toluene (blue), are controlled by an automated mass flow controller
that modulates the vapor concentration by blending the solvent vapor with a known amount of
dry air. Then, each solvent vapor exposure is followed by a dry air purge and each concentration
of solvent exposure is repeated in triplicate. The humidity is relatively stable throughout the 3day experiment, with fluctuations between 36-45% relative humidity. Temperatures are stable at
~34.5°C.
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Figure 24. Chemicapacitance baseline results of P 1.1.1 ( Polymer 1) and P 1.1.5 (Polymer 5) in triplicate-tested concentrations of
solvent vapor MeOH, IPA, Acetone, and Toluene over 3 days.

P 1.1.1 shows good responsivity to MeOH, moderate responsivity to acetone, and poor
responsivity to IPA and toluene. This is expected due to the PEGamine unit that was added to
this polymer. P 1.1.5 shows moderate responsivity to MeOH, and negligible response to IPA,
acetone, and toluene. This is observed as spikes in the capacitance (pF) through triple-exposure
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to the chosen solvent vapor concentration. Since only t-butyl amine was added to this polymer at
a low incorporation, it was thought that the responsivity to MeOH was a result of VDMA and
hydrolyzed VDMA response, not of the added functional group itself.

Figure 25. Chemicapacitance baseline results of P 1.1.2 (Polymer 2) and P 1.1.3 (Polymer 3) in triplicate-tested concentrations of
solvent vapor MeOH, IPA, Acetone, and Toluene over 3 days.

P 1.1.2 shows negligible response to all solvents, which was attributed to an issue with the
film itself. However, since P 1.1.2 was thought to have had issues with functionalization overall,
it was determined that there may have been some crosslinking occurring within the polymer
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itself. This may have also been caused by the addition of HCl within the histamine reactant. P
1.1.3 shows poor responsivity to MeOH and negligible response to IPA, acetone, and toluene. It
was hypothesized that this is due to negligible incorporation of PEGamine into P 1.1.3, which
resulted in a similar minor-response to all exposed solvent vapor concentrations when compared
to P 1.1.1, P 1.1.5, P 1.1.4, and P 1.1.6.

Figure 26. Chemicapacitance baseline results of P 1.1.2 (Polymer 2) and P 1.1.3 (Polymer 3) in triplicate-tested
concentrations of solvent vapor MeOH, IPA, Acetone, and Toluene over 3 days.
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P 1.1.4 shows moderate responsivity to MeOH, and negligible response to IPA, acetone and
toluene. P 1.1.6 shows moderate responsivity to MeOH and negligible response to IPA, acetone,
and toluene.
While the polymers that have had baseline tests run suggest an overall negligible response to
most of the solvent vapors, it is important to note the differences in both structure and electronics
from opioid molecules like benzyl fentanyl, morphine and heroin; all three to be tested in later
experiments. For instance, a material may have a poor response to IPA, but a significant response
to fentanyl.
Future experiments with the discussed polymers will also include observing resistor results,
where some materials with small responses to capacitors have larger responses with resistors.
With capacitors, since a change in the overall dielectric is seen upon absorption of the analyte,
when there is negligible response, this often alludes to the dielectric of the polymer being similar
to the dielectric of the analyte. This means that no significant change in the dielectric occurs
when the analyte is absorbed into the film, and thus no change in the capacitance is observed.
With resistors, however, the polymers are blended with a conductive particle. Absorption of an
analyte then causes the polymer film to swell, increasing the distance between the two
electrodes. As the distance between the two electrodes increases, a disruption of the conductive
percolation pathways is observed as a decrease in conductivity and an increase in resistance.
2.3 Experimental Section

2.3.1 Materials
4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl] pentanoic acid, 2(dodecylsulfanylthiocarbonylsulfanyl)-2-mehtylpropionic acid (DMP), azobisisobutyronitrile
(AIBN), sodium hydroxide, 2-methyl alanine, acryloyl chloride, hydrochloric acid,
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triethylamine, and ethyl chloroformate, isobutyl amine, m-dPEG4-amine, 4-amino(methyl)
phenol, 1-amino pyrene, histamine, n-hexanes, tetrahydrofuran, and acetone were purchased
from Sigma Aldrich and were used as received. Chloroform-d1, acetone-d6 and DMSO-d6
(Cambridge Isotope Laboratories, Inc.) were used as received.
2.3.2 Instrumentation
NMR spectra were acquired with a Varian Unity INOVA or Bruker Biospin 500 MHz or
Varian Mercury 400 MHz spectrometer. Chemical shifts (δ) were reported in parts per million
(ppm) relative to the standard tetramethylsilane (TMS) at 0.0 ppm. Solvent (CDCl3, DMSO-d6
and Acetone-d6) contained 0.03% v/v TMS as an internal reference. Peak abbreviations are used
as follows: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad, Ar = Aryl.
SEC was performed on a Tosoh EcoSEC dual detection (RI and UV) SEC system coupled to an
external Wyatt Technologies miniDAWN Treos multiangle light scattering (MALS) detector and
a Wyatt Technologies ViscoStar II differential viscometer. The mobile phase was HPLC grade
DMF containing 0.1%wt LiBr filtered through 0.2 μm PTFE membrane filters. Samples were run
in DMF at 40 °C at a flow rate of 0.45 mL/min. The column set contained one Tosoh TSKgel
SuperHM-M (6.0 mm ID × 150 mm) column, one Tosoh TSKgel SuperH2500 (6.0 mm ID × 150
mm) column and a Tosoh TSKgel SuperH5000-7000 guard column (4.6 mm ID × 35 mm). All
polymer solutions characterized by SEC were at a concentration of 1.0 mg/mL in GPC solvent,
stirred magnetically for at least 7 hours, and filtered through 0.45 μm PTFE syringe filters prior
to analysis. Multiple samples were made of known concentration in order to evaluate the
appropriate dn/dc values for the homopolymers.
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2.3.3 Syntheses

Synthesis of N-acryloyl-2-methylalanine

To a 25 mL round bottom flask equipped with a stir bar,1.78 g of sodium hydroxide was
cooled in 4.4 mL of DI water, then submerged in an ice bath. Slowly, 2.0 g of 2-methyl alanine
was added. The solution was then cooled to -5°C in an ice saltwater bath. 2.0 g of acryloyl
chloride was then added dropwise through the septum while simultaneously sparging with inert
gas. The solution was stirred and held at -5°C for two hours until finally allowed to rise to
ambient temperature for another hour. 2.3 mL of hydrochloric acid was then added dropwise
over the course of 30 minutes. The solution was allowed to stir overnight at ambient temperature.
The white solid that was formed was collected via vacuum filtration and re-crystallized in 4 mL
of a 1:1 mixture of ethanol and DI water. The purified product was then filtered via vacuum
filtration (60% yield). 1H NMR (500 MHz, CDCl3, ∂): 12.41 (s, 1H, OH), 8.25 (s, 1H), 6.23 (dd,
Hgem), 6.15 (dd, Hcis), 5.80 (dd, Htrans), 1.38 (s, 6H). (Page A4 of appendix)

Synthesis of 2-Vinyl-4,4-dimethylazlactone (VDMA)
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0.4 g of N-acryloyl-2-methylalanine and 0.38 g of triethylamine were added to a 50 mL round
bottom flask equipped with a stir bar. 10 mL of acetone was then added, and the solution was
cooled to -5° in an ice and salt water bath. Then, 0.277 g of ethyl chloroformate was added
dropwise over the course of 20 minutes. The solution was stirred for three hours at -5°C for the
first two hours and allowed to rise to ambient temperature for the final hour. The formed salt was
then filtered and rinsed with acetone to collect the yellow filtrate. The crude yellow filtrate was
purified via vacuum distillation to obtain a clear oil (31% yield). 1H NMR (500 MHz, CDCl3, ∂):
1

H NMR (500 MHZ, CDCl3, ): 6.08 (dd, Hgem), 6.15 (dd, Hcis), 5.82 (dd, Htrans), 1.37(s, 6H).

(Page A4 of appendix)

Synthesis of poly(2-Vinyl-4,4-dimethylazlactone) (PVDMA)

To an evacuated 50 mL round-bottom reaction flask equipped with a magnetic stir bar,
VDMA (4.17 g, 3.01 mmol) was combined with a 10:1 mixture of 2(dodecylsulfanylthiocarbonylsulfanyl)-2-methylpropionic acid (DMP) and AIBN with benzene
(30.0 mL). The reaction vessel was capped with a rubber septum, and the solution was sparged
with argon for 30 minutes. The round bottom flask was then heated in an oil bath at 65⁰C for 24
hours. The reaction mixture was then cooled to room temperature before precipitating into cold
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hexanes. The precipitate was collected via vacuum filtration. PVDMA was isolated as a white
solid (90% yield). 1H NMR (500 MHz, DMSO-d6): δ 1.37 (br s, 6H), 1.62−2.1 (br m, 2H), 2.69
(br s, 1H). (Page A5 of appendix)

General procedure for the functionalization of PVDMA
To a 10mL round bottom flask equipped with a magnetic stir bar, PVDMA (500 mg, 1 eq)
and amine (amount dependent on incorporation) were combined in 5mL of DMF. The reaction
was left to stir at room temperature for 72 hours. The reaction mixture was then concentrated
under vacuum and redissolved in ~2.0 mL of THF before being precipitated into hexanes. (Page
A6 through A11 of appendix; A6-A10 precursor polymers utilized CTA: 4-Cyano-4[(dodecylsulfanylthiocarbonyl)sulfanyl] pentanoic acid and solvent: toluene, and precursor
polymers A10-11 utilized CTA: DMP and solvent: benzene)

2.4 Conclusion and Future Work

We report the successful synthesis of VDMA homopolymer to generate tuneable synthetic
materials for later analyte detection. Polymeric materials with the potential to identify opioids in
unknown mixtures were investigated. Additionally, the material that was acquired was relatively
easy to generate once enough monomer was synthesized, and the functional groups used to adorn
the polymer chains were commercially available and inexpensive. The homopolymer PVDMA
was suitable for this project due to the ease and versatility of the azlactone ring-opening reaction
that occurred with selected primary amines.
Some issues arose with hydrolysis of the azlactone ring, and as such, synthesis of the
homopolymer was adjusted in order to avoid premature ring-opening of PVDMA. Adjusting the
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reaction solvent, along with workup conditions, allotted for less hydrolysis of the targeted
VDMA moiety and inclusion of post-polymerization functional groups with greater
incorporation. Interestingly, hydrolysis of the VDMA homopolymer would have added soluble
units onto the polymer as highly soluble carboxylates. Since the polymers were difficult to
dissolve, whether hydrolysis occurred or if the polymer became partially crosslinked is
speculated.
NMR data supporting the functionalization of each polymer with the appropriate functional
groups were observed, and 10 polymers in total were sent to Seacoast Science, LLC for further
analysis with a chemicapacitor. Preliminary results of the polymers in certain solvents showed
some good and moderate responses to methanol, and negligible response to isopropanol, acetone
and toluene. Preliminary results with these solvents were only carried out with the first set of
VDMA homopolymer (P 1.1; P 1.1.1 – P 1.1.8), where the reaction solvent had not yet been
adjusted to account for potential hydrolysis or crosslinking of pendant chains.
Polymer chains made to mimic opioid receptors and their use specifically for MEMS are each
promising areas of research with considerable room for improvement. Since this project is
ongoing, it will be important to continue with the capacitor and resistor results of the polymer
films to determine whether the selected functional groups are suitable for the desired MEMS
detector outcome.
However, based on what was discussed in Chapter 1, the future of this work would surely
benefit from MIP synthetic strategies. One avenue specifically would be utilizing the lesshazardous analogue to fentanyl, benzyl fentanyl, to imprint within PVDMA. In order to
accomplish this, future research in this field will need to bind the functional groups directly onto
the analyte to generate a complex of analyte and functional groups, where the primary amines of
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the functional units are then affixed on the outermost portion of the complex. Then, by
incorporating the complex into the PVDMA polymer, the analogue can be removed to reveal
cavities within the polymer material that are decorated with the same histidine- and tyrosine-like
functionalities. While not within standard molecular imprinting technique, this would spatially
arrange the functional groups in a way that allows the target analyte to rebind with greater
efficiency. To accompany this future work, the pyrene units and hydrophilic/hydrophobic units
would need to be added post-imprint.
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CHAPTER 3 – DIBLOCK COPOLYMERS via A COPPER-FREE SONOGASHIRA
COUPLING REACTION FOR THE FORMATION OF SINGLE-CHAIN NANOPARTICLES

3.1 Introduction

Synthetic chemistry is rooted in both applied and fundamental research, where even the
smallest breakthrough can later solve a multitude of specific problems. Society tends to favor
applied research because it is problem-driven, which is inherently understood by the general
public due to the application having been defined. Applied research is highly valued for offering
practical solutions to pressing dilemmas such as famine, disease, and pollution. However,
applied research prevails off the basis of existing knowledge—knowledge that has been brought
about by fundamental research. Fundamental research is an investigation of curiosity and the
process of discovery, leading to a greater understanding of the unknown.
Some of the most powerful technologies are borrowed from an understanding of the natural
world. For example, in 1993, a team of microbiologists sought to understand why
microorganisms in the Archeae family, H. mediterranei, were able to thrive in and adapt to
environments of high salinity.134 That curiosity led to DNA-sequencing of the H. mediterranei
genome and the discovery of tandem repeats. The same repeats had been reported only once in a
study on the bacterium E. coli in 1987.135 Tandem repeats were then found to exist in many other
organisms within the evolutionary tree as an adaptive immune defense sequence within DNA.
The repeats were renamed clustered-regularly-interspaced-short-palindromic-repeats
(CRISPR),136 and ultimately led to the application of the genome editing/targeting tool, CRISPRCas9.137
Natural processes are at the forefront of most fundamental synthetic chemistry research.
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While synthetic polymer chemistry certainly has increased potential to reveal the secrets of
natural systems,138-140 there are still limitations on the amount of control required to yield highly
structured nanomaterials. Research in controlled polymerizations and associated techniques has
granted access to an array of profound morphologies and characteristics but lacks the
sophisticated and uniformly ordered structures desired for use as effective biomaterials.138,139 In
perspective, protein and enzyme mimicking requires an understanding of not only the overall
morphology, but the order of complexity, such as primary, secondary, tertiary or quaternary
structure (Figure 27).

Figure 27. A representation of the (A) primary, (B) secondary, (C) tertiary and (D) quaternary structures that make up proteins
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Natural biomaterials like proteins and enzymes are constructed from linear polypeptide
precursors that have self-assembled into three-dimensional particles of uniform shape and size.
Control of the shape and size of these structures requires precise amino-acid sequence residues
along the linear chains, and the macromolecular environment contained within the structures
adorn unique bioactivity such as molecular recognition and catalytic activity. Examples of these
phenomena are abundant in nature140-143 and inspire the blueprints of synthetic macromolecular
scaffolds, termed single-chain nanoparticles (SCNPs).138 As a result, SCNP research is aimed at
unlocking the highly ordered complexity and specificity within such three-dimensional
structures. With inspiration from natural materials, emphasis must be placed on the
morphological shape and precise placement of functionalities contained within and/or on the
surface of the resulting structure.144-149
SCNPs are constructed from copolymers containing functional monomer whose reactive
groups undergo a crosslinking reaction with one another. When performed in a highly dilute
solution, the crosslinking reaction happens intramolecularly and collapses the polymer chain
unto itself (Figure 28). This process can afford an SCNP that is analogous to proteins and
enzymes yet tunable through synthetic manipulation. Biomimetic scaffolding by SCNP
formation is becoming increasingly achievable as synthetic routes continue to be adjusted,150 and
have created an area of applied technology that is sustainable in protein targeting and
censoring,151 controlled drug release,152 diagnostics,153 optics,154 and catalysis.155
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Figure 28. A cartoon that shows linear polymer chains which are decorated with “crosslinkable units”,
promoting intra-chain crosslinks when triggered in dilute solution, resulting in a folded particle.

Improvement on SCNP formation and control is necessary to fabricate nano-architectures
such that protein-like structures with differing functionalities may be obtained with greater
precision. A variety of synthetic methodologies have been applied to the formation of variously
functionalized SCNPs, but many methods lack optimal control of SCNP morphology.156
The research conducted in this chapter involves using radical polymerization chemistry to
synthesize diblock copolymer chains that collapse intramolecularly into SCNPs of more
controlled particle morphology. It was hypothesized that the polymers would be globularly
compact across the entire chain rather than locally due to the creation of a diblock, CA-CB,
functional copolymer. This attempt at synthesizing SCNPs with more compact morphologies
than previously seen was conducted through reversible addition-fragmentation chain-transfer

76

(RAFT) polymerization, followed by the Sonogashira coupling reaction157 to crosslink the
polymers through reaction-capable pendant functional group moieties.
Research in our laboratory has previously reported success in the formation of SCNPs by
utilizing the Sonogashira coupling reaction for intramolecular crosslinking.158 The research
conducted in our group looked at a deprotected alkyne methacrylate randomly copolymerized
with methyl methacrylate, but instead of crosslinking onto another block, a dihalide external
crosslinker was added into the system (Figure 29).

Figure 29. A scheme and representation of SCNP formation through way of Sonogashira coupling by a dihalide external
crosslinker. Reprinted with permission from Prasher, A; Loynd, C, M.; Tuten, B. T.; Frank, P. T.; Chao, D.; Berda, E. B. Efficient
fabrication of polymer nanoparticles via Sonogashira cross-linking of linear polymers in dilute solution. J. Polym. Sci., Part A:
Polym. Chem. 2015, 54 (1), 209–217. Copyright John Wiley & Sons, Inc.

While success was seen in this synthetic route, the morphological complexities as a result of
varying incorporations of pendant functional groups was not researched in detail. Specifically,
globally globular particles were not fully investigated, but particle formation did occur at the 577

10nm range.158
This project thus migrates from a random copolymer to a diblock copolymer that includes
both alkyne and aryl halide functionality distributed on each individual block (Figure 30).

Figure 30. The proposed structure of the final SCNP by diblock copolymer with varying percent incorporation of methyl
methacrylate in each block versus the starting monomer.

Each block has not only the Sonogashira-capable functional group but is also randomly
polymerized with various amounts of methyl methacrylate as a functional group spacer (Figure
31). It was hypothesized that the particles generated would have more globular morphology, a
concept under investigation for SCNP formation.156,159
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Figure 31. A scheme and representation of a SCNP formed by a copper-free Sonogashira-like coupling reaction on a diblock
copolymer to form more compact nanoparticles.

RAFT Polymerization
Since control over the molecular weight of SCNPs is desirable, controlled radical
polymerization techniques were optimal for this project. Of the controlled radical polymerization
techniques, RAFT polymerization is particularly useful as it has excellent control over molecular
weight and molecular weight distribution of polymer chains and is also a considerably wellknown polymerization technique.160-163
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RAFT polymerization is a conventional free radical polymerization with the inclusion of a
chain transfer agent (CTA). Propagating radicals are generated in the same way as conventional
radical polymerization, for example, through thermal or photochemical-initiating radicals that
propagate in the presence of monomer.164
In a RAFT polymerization, introduction of an initiator generates the radicals necessary for
propagation (Scheme 1, 1). The radicals then go on to react with monomer (M), to form a
growing polymer chain (Pn). Polymeric free radicals exchange rapidly into dormant chains via a
transfer reaction, and dormant chains can be reactivated into free radicals at any time. Therefore,
there exists an equilibrium between free radicals and dormant chains. When a free radical attacks
a dormant chain, an intermediate radical is formed (Scheme 1, 2). This intermediate radical can
fragment to either regenerate the initial species within the pre-equilibrium step, or go on to form
new propagating radical (Scheme 1, 3) and new dormant chain (Scheme 1, 4). Thus, the transfer
mechanism occurs via an addition-fragmentation route. This exchange process is first initiated by
the transfer between a propagating radical and the RAFT agent. Because of this fast and
reversible addition-fragmentation step, all the chains grow with a similar rate and in a uniform
fashion, which determines the living character of the polymerization.
Ideally, the addition-fragmentation reaction should be fast and the intermediate radical shortlived in order to prevent retardation during the polymerization.165 The intermediate radical is
stabilized by the two sulfur atoms of a thiocarbonylthio chain-transfer agent and is therefore
more stable than the initial free radical. The concentration of this intermediate is much greater
than the concentration of free radicals. Of course, termination of the intermediate radical may
also happen via bimolecular coupling or disproportionation, resulting in dead polymer chains
(Scheme 1, 5).
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Scheme 1. The proposed RAFT polymerization mechanism, where (1) initiation of the radical from a radical source, and
propagation of monomer with the reactive radical occurs, (2) a pre-equilibrium chain transfer to a RAFT agent occurs of the
growing polymer chain, (3) Re-initiation of the propagated radical occurs from the R-end of the RAFT agent to form more
polymer species, (4) Degenerative chain transfer equilibrium where polymer addition is controlled through transfer of the radical
between chain transfer agent and growing polymer chains, and (5) Termination of the radical source.

One of the more prevalent advantages to RAFT polymerizations lies in the preparation of
well-defined block copolymers.166 Diblock167 and triblock168,169 copolymers with well-defined
blocks can be formed under economic conditions. Moreover, this polymerization technique
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allows the formation of copolymers in a one-pot synthesis. When the conversion of the first
block is nearing complete, monomer(s) of the following block(s) are added, and the living
polymer chains continue to grow. However, in this project, separating the blocks into a two-step
RAFT polymerization was important for understanding the molecular weight of each block. In
this case, the first block is collected as a living polymer chain, which then goes on to become a
macromolecular chain transfer agent (macroCTA) in the following polymerization.

Crosslinking in Ultra-Dilute Solution

Since SCNP are formed through intra-chain cross-linking reactions, it is important to
understand inter-chain reaction competitiveness. Interactions that are inter- versus intramolecular are chemically equivalent, however, the ratio of each crosslinking pathway depends on
the probability of reactive functional groups finding one another in solution. In order to restrict
inter-chain crosslinks from occurring, the parent polymers must be dissolved in ultra-dilute
solution prior to the crosslinking mechanism. By performing the crosslinking step in ultra-dilute
solution (1mg/mL or less), an individual polymer strand is less susceptible to interactions with
other, nearby polymer strands and their respective functional groups. Since there are virtually no
nearby polymer coils to interact with when diluted, the reactive pendant groups of the individual
polymer have a higher probability of crosslinking along the same chain. As a result, the linear
polymer precursor becomes more compact, resulting in a nanoparticle with reduced
hydrodynamic volume. Therefore, it is often observed that SCNP have longer retention times
than their linear precursor when eluted in GPC. Comparatively, the product of inter-chain
crosslinking reactions experiences an increase in the molecular weight due to the joining of two
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or more polymer chains. This increases the molecular weight data substantially from the parent
precursor, and as such inter-chain reaction products exhibit shorter retention times in comparison
to precursor polymer. Dynamic light scattering (DLS) is useful in determining whether interchain reactions have occurred because of its high sensitivity to high molecular weight fractions.
Another hallmark to determining whether inter-chain crosslinking has occurred within a polymer
sample is the appearance of a shoulder peak at earlier retention times, which signifies high
molecular weight product within the polymer sample. This may also verify the inclusion of dead
chain-ends on macroCTA and macroinitiators in general, where the inactive RAFT agent
remains at lower retention times, and any block copolymers formed appear at earlier retention
times to signify the increase in apparent molecular weight (Figure 32).

Figure 32. An example of inactive “dead” polymer chains due to chain-end fidelity of the RAFT agent, versus diblock copolymer
formed in the reaction vessel from the small percentage of active chain ends within the RAFT agent. The diblock copolymer is
higher in molecular weight, and as such, eludes at a shorter retention time than the macroCTA polymer.
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The Sonogashira Reaction
The functional monomer units within the polymers of this project each contain reactive
groups capable of undergoing the Sonogashira coupling reaction.
The Sonogashira coupling reaction was first reported by Kenkichi Sonogashira et al. in 1975.
It is a classic cross-coupling reaction that utilizes a palladium catalyst to form carbon-carbon
bonds from the reaction of a triple bond with an aryl halide.157 The Sonogashira reaction is
attractive for the formation of SCNPs due to the reaction having a high degree of
regioselectivity, and aside from being air-sensitive, does not require extreme reaction
conditions.157
Generally, the catalytic cycle of transition-metal-catalyzed cross-coupling reactions follow
three rudimentary steps: oxidative addition, transmetallation, and reductive elimination. The
coupling reaction (Scheme 2) works by first activating a palladium catalyst through reduction to
form a palladium(0) species. This reduced palladium species is then joined to the aryl halide
compound by process of oxidative addition (Scheme 2, 1) between the aryl and halogen bond,
producing a palladium(II) intermediate. The intermediate then undergoes a transmetallation step
(Scheme 2, 2) with a copper acetylide. The copper acetylide is initially introduced into the
palladium cycle from a simultaneous copper cycle reacting with the alkyne substituent in the
system. During the transmetallation step, the carbon of the terminal alkyne species energetically
favors coordination with palladium over that of copper. At this point, a copper halide is expelled
and returns to the copper cycle for reuse, and the palladium intermediate continues in the
palladium cycle, now joined with the alkyne species. A cis-trans isomerization (Scheme 2, 3)
occurs before the final reductive elimination step (Scheme 2, 4) which yields the desired product
and returns palladium into the reaction cycle.
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Scheme 2. The palladium cycle and copper cycle of the Sonogashira reaction, where (1) oxidative addition occurs between the
palladium and carbon-halide bond, followed by (2) transmetallation with the copper-alkyne species, (3) a cis/trans isomerization
occurs before (4) reductive elimination releases the desired product.

The Sonogashira coupling reaction has been used to synthesize various conjugated
polymers,170 and by our group, SCNPs.158 In this chapter, a new synthetic route for a
Sonogashira-like coupling reaction as a method for the synthesis of SCNPs was
investigated.171,172 The SCNP was formed of diblock copolymer chains that were
intramolecularly crosslinked through a Sonogashira coupling reaction between pendant
functional chains. This route involves (1) the synthesis of CA-CB diblock copolymers containing
trimethylsilyl protected alkyne groups randomly polymerized with methyl methacrylate along
one block, and aryl bromide groups randomly polymerized with methyl methacrylate along the
other block, and (2) adjustment of the Sonogashira coupling reaction for SCNP formation
through a copper-free pathway.

3.2 Results and Discussion
3.2.1 Monomer Design
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The synthesis of trimethylsilyl propargyl methacrylate (TMSPgMA) was first attempted
through the protection of an alkyne methacrylate unit. It is important to keep the alkyne protected
with TMS so that the triple bond remains unreacted during the polymerization steps, and the
TMS group is only removed post-polymerization. Upon later polymerization, the TMSPgMA
synthesis was revisited, such that the workup did not include a wash with 1M HCl. It is thought
that the initial proposed workup was attributing to some of the deprotection occurring on the
monomer and resulting polymers. In a second attempted reaction, TMSPgMA was prepared in
higher yields through the esterification between TMS-protected propargyl alcohol and
methacryloyl chloride. Through this reaction and the revisitation of the workup method, the issue
with TMS remaining on the propargyl group was resolved. Monomer 4-bromophenyl
methacrylate (BrArMA) was synthesized through an esterification reaction between
methacryloyl chloride and an aryl halide functionalized alcohol, 4-bromophenol.
3.2.2 Polymer Synthesis

Research on the compactness of SCNPs has shown that the observed polymer chains mainly
exhibit folding patterns which occur in local areas of the polymer chain rather than globally
throughout the entire chain.156 Pomposo et. Al. has shown that polymer chains end up with sparse
morphologies that more resemble disordered proteins than densely packed spherical ones. Yet,
early work done by Pomposo et. Al. primarily studied crosslinking events that imparted the use
of an external crosslinker, much like our own group, with functionally random copolymers. An
issue occurred when the crosslinkers were shorter in length and therefore only allowed for short
contour distances of the polymer chain. Updated studies on this phenomenon have showed
random bifunctional copolymers that closely resemble globular proteins by utilizing external
crosslinking units with longer contour distances,173 self-assembly of individual chains of neutral
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amphiphilic random copolymers,174,175 and the self-assembly of charged amphiphilic random
copolymers.176
As it relates to this synthesis, it was hypothesized that varying the number of crosslinking
units within each block of an CA-CB polymer chain would result in an SCNP where crosslinks
are observed between the reactive moieties in the entire chain rather than just within local areas.
We believe that this type of crosslinking would alleviate the strain of the linear polymer chain
and lead to favorable crosslinks occurring between even the far ends of the polymer chain. To
visually demonstrate this hypothesis, Figure 33 illustrates the crosslinking of a random
copolymer SCNP compared to the proposed diblock copolymer SCNP.

Figure 33. A cartoon representing the difference between a random functionalized
copolymer undergoing an intrachain crosslinking reaction versus a diblock functionalized
copolymer undergoing the same intrachain crosslinking reaction but forming a more
compact nanoparticle.
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Both TMSPgMA and BrArMA were used to generate macroCTA samples poly(trimethylsilyl
propargyl methacrylate-co-methyl methacrylate) (poly(TMSPgMA-co-MMA) (Figure 34A) and
poly(4-bromophenyl methacrylate-co-methyl methacrylate) (poly(BrArMA-co-MMA) (Figure
34B). Each macroCTA varied by incorporation of TMSPgMA or BrArMA monomer within the
macroCTA polymer chain. For brevity, both will be referred to as “BrArMA macroCTA” and
“TMSPgMA macroCTA” within this section. RAFT polymerization was selected due to its
excellent control over molecular weight and narrow molecular weight distributions. The pendant
group spacing was altered by varying the % incorporation of methyl methacrylate units.

Figure 34. (A) The structure of macroCTA poly(TMSPgMa-co-MMA) and (B) the structure of macroCTA poly(BrArMA-co-MMA).

The project had begun with the generation of a macroCTA agent library with only
TMSPgMA macroCTA (Table in appendix, page A1), where varying incorporations of
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TMSPgMA with MMA were used to synthesize an array of macroCTA samples to later
polymerize with BrArMA and MMA for diblock copolymers. CTA 3.7 was the only sample of
the TMSPgMA macroCTA reagents that did not result in completely insoluble material during
the second polymerization step. We believe that this was due to the terminal alkyne proton of the
TMSPgMA monomer having been lost, leading to inter-chain crosslinks between the highly
reactive alkyne substituent and continuation of the living radical.
In order to avoid poor control of the later formed diblock copolymer molecular weight, the
macroCTA library continuation extended as BrArMA macroCTA samples and was utilized
within a shorter time frame to form the diblock copolymer chains with TMSPgMA (Table in
appendix, page A1).
The resulting parent polymers were targeted for 5%, 10% and 15% of each functionality per
entire diblock copolymer (ʄ = 10, 20, 30%). This required macroCTA reagents to contain roughly
10%, 20%, and 30% of the appropriate functional moiety, such that the final polymeric structure
would have total percentages within the desired range. Most parent polymers (P 3.1 – P 3.6)
were created with BrArMA macroCTA samples (CTA 3.1 – CTA 3.6), though one parent
polymer (P 3.7) was synthesized with a TMSPgMA macroCTA (CTA 3.7). Poly(trimethylsilyl
methacrylate-ran-methyl methacrylate) (R1) were synthesized using 4-Cyano-4[(dodecylsulfanylthiocarbonyl)sulfanyl] as a chain transfer agent and 2,2’-azobis(2methylpropionitrile) as an initiator. The incorporation of the trimethylsilyl group ( = 0.19) and
the aromatic halogen group ( = 7.5) were each confirmed by 1H NMR spectroscopy. The
characteristic peaks were also observed in the 1H NMR spectroscopy following the synthesis of
Poly[[(TMSPgMA)-ran-(MMA)]-block-[(BrArMA)-ran-(MMA)]].
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All polymer samples were analyzed via gel permeation chromatography (GPC) combined
with multi-angle light scattering (MALS) data (Table 2), where the mobile phase was HPLC
grade dimethylformamide (DMF) for P 3.1, P 3.2, P 3.3 and P 3.4. This differed in comparison to
P 3.5, P 3.6, and P 3.7 which had been analyzed during a period where the instrument mobile
phase was HPLC grade tetrahydrofuran (THF). The retention time data between the DMF
samples and the THF samples must be considered separately due to differences with the polymer
interactions in each solvent, and a change in the flow rate setting from 0.35 mL/min to 0.45
mL/min on the instrument.

Table 2. Polymer samples P 3.1 through P 3.7, the incorporation of TMSPgMA monomer and BrArMA monomer determined
through 1H NMR, the number average and weighted average molecular weight data determined by SEC-MALS, the
polydispersity index as determined by SEC-MALS and Astra software, and the retention time of each polymer determined from
the elution of the sample from SEC.

Sample

% TMSPgMA

% BrArMA

Mn
(g/mol)

Mw
(g/mol)

PDI

Retention
(min)

P 3.1
CTA 3.1

6.5

6.1
9.0

18180
10010

22430
10490

1.25
1.04

8.97
9.17

P 3.2
CTA 3.2

4.2

4.2
9.0

25580
10430

26970
11100

1.10
1.10

9.09
9.22

P 3.3
CTA 3.3

9.7

9.3
19.4

14090
7760

16200
10110

1.20
1.20

10.01
10.41

P 3.4
CTA 3.4

14.5

15.5
28.0

14520
9040

15830
10920

1.10
1.20

9.93
9.97

P 3.5
CTA 3.5

4.5

3.4
9.1

21700
7530

23880
7680

1.10
1.02

12.05
11.73

P 3.6
CTA 3.6

43.5
-

53.7
79.0

33870
29230

46030
31590

1.40
1.10

11.69
11.63

P 3.7
CTA 3.7

36.3
34.5

-

151500
23520

546300
30050

3.60
1.30

10.10

-

-

-

-

-

90

Polymers P 3.1 – P 3. 4 all had observable decreases in retention time, which was expected due
to the addition of another polymer block roughly double the molecular weight of the macroCTA
starting polymers. Each polymer also had relatively good polydispersity, with PDI ranging from
1.1 – 1.3, indicating that the molecular weight distribution was relatively narrow and controlled
for these polymers. Polydispersity at the higher end of the range, found in P 3.1, is likely due to
loss of chain-end fidelity in the macroCTA, which results in a shoulder peak at higher retention
times. This shoulder peak can be accounted for as a percentage of unreacted macroCTA, since it
has lower molecular weight than the generated polymers. Polymers P 3.5 and P 3.6 had increases
in retention time from CTA 3.5 and CTA 3.6, which was attributed not only to complete loss in
chain-end fidelity, but to the TMS protecting group having been prematurely removed during the
second RAFT polymerization step. 1H NMR spectra of P 3.5 and P 3.6 confirmed this
assumption by the appearance of the terminal proton peak ( = 2.5). Interestingly, P 3.7 had a
reduction in retention time, accompanied by an exceptionally large increase in molecular weight
(Mn = 23.5 kg/mol to Mn = 151.5 kg/mol). However, 1H NMR revealed that virtually no
BrArMA monomer was added onto the growing polymer. The terminal alkyne proton peak ( =
2.5) appeared in these polymers as well. While perplexing, we believe that CTA 3.7 had lost
some of the reactivity within the chain ends, and that the increase in retention time was a result
of PgMA having been deprotected during the second polymerization. This would mean that some
chains did not propagate beyond the macroCTA, and some chains reacted with the deprotected
PgMA to form crosslinks. Observation of the PDI for this polymer at a value of 3.6 agrees with
our proposed understanding. The highly reactive chain end of the thiocarbonylthio group is likely
to have degraded over time or due to poor storage conditions.17,18 Additionally, loss in chain-end
fidelity may have contributed to the negligible addition of BrArMA monomer onto the polymer.
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The alkyne proton peak reappearing signifies that the TMS protecting group was lost between
the synthesis of CTA 3.7 and P 3.7. where any remaining reactive chain ends would energetically
favor propagation from the reactive triple bond present in the polymerization over BrArMA. This
led to the start of a BrArMA macroCTA library in order to reduce the number of reactions that
TMSPgMA was to withstand. Notably, P 3.5 – P 3.7 and the corresponding macroCTA were
created at the beginning stages of the BrArMA macroCTA library, and all samples had a loss of
TMS from the terminal alkyne monomer. This inspired a redesign in the synthesis of
TMSPgMA, as the initial procedure required a wash with 1M HCl to remove excess
methacryloyl chloride. 1M HCl has been known to deprotect silyl groups at certain
concentrations, and while the concentration utilized was low, avoiding the use of HCl altogether
was a more careful approach.
Once the parent polymers were made, thiocarbonylthio group degradation was no longer an
issue. The updated approach to TMSPgMA monomer also resulted in no peak at 2.5 ppm within
the NMR spectra for P 3.1 – P 3.4, suggesting that the alkyne was fully protected compared to P
3.5 – P 3.7 polymers.
The degree of polymerization (DP) may also be determined as:

𝐷𝑃 =

𝑀𝑝𝑜𝑙𝑦𝑚𝑒𝑟
(𝑀𝐵𝑟𝐴𝑟𝑀𝐴 ∗ 𝑐𝐵𝑟𝐴𝑟𝑀𝐴 ) + (𝑀𝑇𝑀𝑆𝑃𝑔𝑀𝐴 ∗ 𝑐𝑇𝑀𝑆𝑃𝑔𝑀𝐴 ) + (𝑀𝑀𝑀𝐴 ∗ 𝑐𝑀𝑀𝐴 )

Where Mpolymer is the molecular weight of the polymer determined from SEC-MALS, MBrArMA,
MTMSPgMA, and MMMA are the molar mass of each monomer unit, and cBrArMA, cTMSPgMA, and
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cMMA are the concentration per monomer unit of the sample provided from the integration of
each monomer peak within 1H NMR.

3.2.3 Nanoparticle Synthesis
P 3.1 – P 3.4 were successfully collapsed into nanoparticles through a one-pot Sonogashira
reaction which included TBAF and Pd(PPh3)4 in a singular reaction vessel. Typically, copper(I)
salts like CuI are used as co-catalysts in the Sonogashira reaction.157,158 As seen in the
introduction to this chapter, the copper species reacts with the deprotected terminal alkyne to
produce a copper(I) acetylide, activating the terminal alkyne for the coupling reaction to occur.
The complete mechanism behind this copper-free Sonogashira deprotection and coupling
reaction is still not yet understood, though it is hypothesized that the addition of TBAF not only
deprotects the silyl group but acts as a base and phase-transfer catalyst in the reaction cycle. The
hypothesized mechanism is presented in Scheme 3 and further discussed below.
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Scheme 3. The proposed mechanism for the one-pot copper-free deprotection and coupling Sonogashira-like reaction between
an aryl halide and terminal alkyne. The reaction pathway has 3 primary stages, where (I) palladium(0) and aryl halide form a
palladium(II) intermediate, which then (II) replaces the halide for an acetylide anion species generated with TBAF, and finally (III)
reductive elimination to generate the desired C-C bond and reform the palladium(0) species.

Similar to a standard Sonogashira coupling reaction cycle, the palladium catalyst is reduced to
form a palladium(0) compound. The reduced palladium species reacts with an aryl halide, still,
through oxidative addition (Scheme 3, I) This produces a palladium intermediate where the
palladium inserts itself between the carbon-halogen bond of the aryl halide. Separately, an
acetylide anion is generated by the deprotection of the alkyne TMS with TBAF, and a
replacement reaction occurs between the carbon-halogen palladium intermediate and the
acetylide anion (Scheme 3, II). Through reductive elimination of aryl-palladium(II)-alkyne
intermediate, the active palladium(0) species is regenerated and the desired aryl-alkyne product
is obtained (Scheme 3, III).
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Thus, there are several potential benefits to using TBAF within this copper-free one-pot
Sonogashira coupling reaction. It is hypothesized that TBAF within the Sonogashira coupling
reaction aids in the activation of the active palladium(0) species and overall stabilization of both
low-coordination palladium(0) species within the cycle. TBAF also removes the TMS protecting
group, exposing the terminal alkyne and effectively preventing the protonation of the resulting
anion in situ. The acetylide anion is then responsible for the coupling reaction with the aryl
group and leads to the formation of SCNPs. Finally, TBAF contained within the system acts as a
phase-transfer catalyst between the acetylide anion and the palladium(II) aryl halide
intermediate.
SCNP formation from diblock copolymers crosslinked via a Sonogashira-like coupling
reaction were successful (Table 3). Though, the likelihood of global versus local intramolecular
crosslinking along within the SCNP is speculated.
Table 3. Nanoparticles NP 3.1 – NP 3.4 and their respective precursor polymers, P 3.1 – P 3.4. Incorporation data was
determined by 1H NMR, calculation is in the experimental section of this chapter. Number and weighted average molecular
weights were determined through SEC-MALS of the polymers and nanoparticles, along with polydispersity indices. The retention
time was also determined by elution of the sample from the SEC column.

Sample

% PgMA or
%TMSPgMA

Mn (kDa)

Mw
(kDA)

% BrArMA

NP 3.1
P 3.1

6.60
6.50

5.70
6.10

NP 3.2
P 3.2

4.05
4.20

NP 3.3
P 3.3
NP 3.4
P 3.4

PDI

Retention
(min)

GPC
Solvent

15.2
18.1

23.6
22.4

1.5
1.3

9.10
8.97

DMF
DMF

4.08
4.20

20.0
25.6

23.8
26970

1.1
1.1

9.17
9.09

DMF
DMF

9.39
9.70

8.98
9.30

12.9
14.1

14.1
16.2

1.1
1.2

10.13
10.00

DMF
DMF

14.3
14.5

14.5
15.5

10.2
14.5

10.6
15.8

1.1
1.1

10.22
9.93

DMF
DMF
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8.98 9.10

MALS P 3.1
MALS NP 3.1

7.5

8

8.5

9

9.5

10

10.5

11

Retention Time (min)

Figure 35. SEC-MALS traces of P 3.1 (blue trace) and NP 3.1 (pink trace), where an increase in the retention time was observed
between precursor polymer and nanoparticle.

Nanoparticles NP 3.2 – NP 3.4 had an observed increase in retention time accompanied by a
decrease in molecular weight. NP 3.1 had an increase in retention time, but the molecular weight
data for Mw value experienced an increase, whereas Mn value decreased. This did not come as a
surprise, since the PDI (1.3) of the precursor P 3.1 was indicative of some macroCTA with loss
in chain-end fidelity. This would result in a small amount of BrArMA-only functionality within
the parent polymer samples and during Sonogashira-like reaction, resulting in a wider range of
molecular weight data.

96

Figure 36. SEC-MALS traces of P 3.2 (blue trace) and NP 3.2 (pink trace), where an increase in the retention time was observed
between precursor polymer and nanoparticle.

Since this reaction is a one-pot deprotection of TMS and coupling between BrArMA and
PgMA, an overall decrease in the molecular weight is expected due to the loss of bulky TMS
units along the chain. Yet, the approximate % incorporation of each functional group remains the
same overall within all the NP samples. In addition to the loss of TMS causing a decrease in the
molecular weight data of the NP samples, an increase in retention time paired with a substantial
decrease in the apparent molecular weight is often attributed to a decrease in the hydrodynamic
volume of SCNPs.149,150,158 We believe that the decrease in apparent molecular weight is not
solely caused by the loss of TMS on the polymer.
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Figure 37. SEC-MALS traces of P 3.3 (blue trace) and NP 3.3 (pink trace), where an increase in the retention time from precursor
polymer to nanoparticle is observed.

Figure 38. SEC-MALS traces of P 3.4 (blue trace) and NP 3.4 (pink trace), where an increase in the retention time from precursor
polymer to nanoparticle is observed.

While only an approximation, the crosslinking efficiency can be determined by the difference
in the normalized NMR peak area at 4.6 ppm, which encompasses the entirety of reacted and
unreacted PgMA, and the peak area at 2.5 ppm, which only appears when PgMA has not formed
a crosslink. Although the differences in molecular weight inherently change the calculated
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number of functional units, the percent incorporation of each functional group remained
relatively unchanged from parent to SCNP. Due to this, the crosslinking efficiency can be
assumed as a ratio between total PgMA within the sample, and total unreacted PgMA within the
sample (Table 4).
Table 4. Nanoparticle samples NP 3.1 – NP 3.4 where a comparison between the total PgMA and unreacted PgMA
incorporations allow for a determination of the crosslinking efficiency within each nanoparticle.

Sample

% Total PgMA

% Unreacted PgMA

Crosslinking Efficiency

NP 3.1

6.60

6.10

7.60%

NP 3.2

4.10

3.60

23.4%

NP 3.3

9.40

5.70

39.4%

NP 3.4

14.3

10.7

26.2%

Confirmation of SCNP formation would be greater achieved with the addition of viscometry.
While data on the intrinsic viscosity of the polymers and nanoparticles was not able to be
obtained, discussion on why confirmation through viscometry is important to understanding
SCNP characteristics.
Viscometry is a valuable technique in characterizing SCNPs in solution. As observed in the
Mark-Houwink equation, the intrinsic viscosity of a polymer is related to its molecular weight.
Intrinsic viscosity (η) measurements provided from a viscometer and information on molar mass
(M) gathered from SEC-MALS data allows for the calculation of parameters “K” and “ɑ”, where
“K” is a coefficient that relates to polymer conformation, and “ɑ” is a coefficient that describes
the interaction between polymer and solvent:
[η] = 𝐾𝑀ɑ
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Another useful measurement for determining the size of a nanoparticle is the hydrodynamic
volume (Vh). As has been discussed in this chapter, the hydrodynamic volume gives insight to
the compactness of the polymer coil by means of nanoparticle density. Hydrodynamic volume
can be calculated using the Einstein-Simha relation:

𝑉ℎ =

𝑀[η]
(2.5 𝑁𝐴 )

From the calculation of hydrodynamic volume, one may determine the hydrodynamic radius (Rh)
through continuation of the Einstein-Simha relation:

𝑅ℎ = (

3𝑉ℎ 1/3
)
4

Data obtained on SCNP through solution viscometry shows a decrease in intrinsic viscosity
and hydrodynamic radius when compared to parent polymer, which is consistent with the
conformational change from coil to particle and in agreement with theoretical assumption
(Figure 39).177

Figure 39. A cartoon representation of hydrodynamic radius between a diblock copolymer coil and a nanoparticle made of
diblock copolymer coil. A difference in the size of the hydrodynamic radius is apparent where the diblock copolymer coil has a
larger hydrodynamic radius than the nanoparticle, but the overall molecular weight is the same for both.
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Research on SCNP has shown that the intrinsic viscosity of a linear polymer coil will
experience a decrease after intra-chain crosslinking, regardless of its molecular weight.149,178,179
In fact, it has been found that two precursor polymers of different molecular weight may have
different intrinsic viscosity measurements, but upon SCNP formation their intrinsic viscosity
measurements not only each decrease but are sometimes nearly identical.179
3.3 Conclusion

A Sonogashira-like coupling reaction was utilized by our group to collapse diblock
copolymer chains into SCNPs. We sought to collapse particles that were more uniformly
crosslinked by functionalizing diblock copolymers with aryl bromide and alkyne functional
groups capable of crosslinking through the Sonogashira reaction. The coupling reaction
efficiency was observed through 1H NMR, and the resulting nanoparticles were characterized by
SEC-MALS.
The crosslink efficiency was determined for all four nanoparticles formed. It was found that
increasing the amount of crosslinkable units along the chain ultimately did not result in an
increase of crosslinking events beyond % functionality of about 20% (10% per block).
Due to this phenomenon, a few conclusions may be drawn. First, intrachain crosslinks did
occur throughout the polymer chains. Yet, it is likely that the small number of crosslinks
occurred at the center of the polymers, where the two blocks and their respective reactive groups
are closer in proximity. This would result in a decrease in retention time and apparent molecular
weight, but more parameters are necessary to conclude whether the hydrodynamic volume and
related hydrodynamic radius were decreased. Future work for this project should focus on
increasing the polymer incorporation of each polymer but including a larger gradient of MMA
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between each block such that the contour distances are increased for the reactive functional
groups. Additionally, the use of a viscometer to pair with molecular weight data from GPC
analysis would allow for comparable intrinsic viscosity measurements, which would further
confirm the formation of SCNPs.

3.4 Experimental Section

3.4.1 Materials

Trimethylsilyl propargyl alcohol, tetrabutyl ammonium floride (TBAF), 4-Cyano-4[(dodecylsulfanylthiocarbonyl)sulfanyl] pentanoic acid, triethylamine,
tetrakis(triphenylphosphine)palladium (0), methacryoyl chloride, 4-Bromobenzyl alcohol,
dichloromethane, n-hexanes and methanol were purchased from Sigma Aldrich and were used as
received. Methyl methacrylate (Sigma Aldrich) was passed through a short column of inhibitor
removers (Sigma Aldrich) prior to use. Chloroform-d1 with TMS as a reference (Cambridge
Isotope Laboratories, Inc.) along with Chloroform-d1 without TMS (Sigma Aldrich),
Hydrochloric acid (EMD), Glacial acetic acid (EMD), anhydrous magnesium sulfate (EMD),
Sodium Bicarbonate (Fischer Science Education) were used as received. n-Hexane, diethyl ether
dichloromethane (DCM), tetrahydrofuran (THF), N,N-dimethylformamide (DMF) were
purchased as analytical grade solvents (Sigma Aldrich) and were used as received. Silica gel for
column chromatography was purchased from Silicycle Inc.
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3.4.2 Instrumentation

1

H spectra were acquired with a Varian Unity INOVA or Bruker Biospin 500 MHz or Varian

Mercury 400 MHz spectrometer. Solvents (CDCl3) contained 0.03% v/v TMS as an internal
reference, with chemical shifts (δ) reported in ppm relative to TMS. Solvent (CDCl3) without
TMS as an internal reference was also used to show absence of TMS from samples that included
TMS in the structure. The following abbreviations are used for peaks: s=singlet, d=doublet,
t=triplet, m=multiplet br=broad, aryl=Ar. Size exclusion chromatography (SEC) was performed
on a Tosoh EcoSEC dual detection (RI and UV) SEC system coupled to an external Wyatt
Technologies miniDAWN Treos multiangle light scattering (MALS) detector. The column set
contained one Tosoh TSKgel SuperHM-M (6.0 mm ID × 150 mm) column, one Tosoh TSKgel
SuperH2500 (6.0 mm ID × 150 mm) column and a Tosoh TSKgel SuperH5000-7000 guard
column (4.6 mm ID × 35 mm). All polymer solutions characterized by SEC were at a
concentration of 1.0 mg/mL in GPC solvent, stirred magnetically for at least 7 hours, and filtered
through 0.45 μm PTFE syringe filters before analysis. The mobile phase was HPLC grade THF
or HPLC grade DMF containing 0.1%wt LiBr filtered through 0.2 μm PTFE membrane filters.
Samples with THF as the mobile phase were run at 40°C with a flow rate of 0.35 mL/min.
Samples with DMF as the mobile phase were run at 40°C with a flow rate of 0.45 mL/min.
Increment refractive index values (dn/dc) were calculated online assuming 100% mass recovery
(RI as the concentration detector) using the Astra 6 software package (Wyatt Technologies) by
selecting the entire trace from analyte peak onset to the onset of the solvent peak or flow marker.
This method gave the expected values for polystyrene (dn/dc = 0.185, Mn = 30kDa) when

103

applied to a narrow PDI PS standard supplied by Wyatt. Absolute molecular weights and
molecular weight distributions were calculated using the Astra 6 software package.
3.4.3 Determination of copolymer and nanoparticle composition
The mole fraction of alkyne monomer (malkyne) and aryl bromide monomer (maryl) of
macroCTA were calculated from the ratio of the NMR peak area “b” at 4.6 ppm (alkyne) to the
area of peak “c” at 3.6 ppm (methyl methacrylate), and area of the peak “Ar” at 7.5 ppm (aryl
bromide) to the area of peak “c” at 3.6 ppm (methyl methacrylate) respectively:

𝑚𝑎𝑙𝑘𝑦𝑛𝑒 =

𝑚𝑎𝑟𝑦𝑙

𝑏
2
𝑏 𝑐
(2 + 3)

𝐴𝑟
2
=
𝐴𝑟 𝑐
( + )
2 3

Once on the same polymer, the functional group incorporation must be considered together
with incorporation of inert methyl methacrylate. An example of this equation is provided for
solving the molar ratio of BrArMA on a parent polymer chain or nanoparticle:

𝑚𝑎𝑟𝑦𝑙

𝑏
2
=
𝑏 𝐴𝑟 𝑐
(2 + 2 + 3)
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Within the polymer nanoparticles, this same calculation can aid in determining the total
amount of functional groups that underwent coupling post-crosslinking in comparison to those
that were uncoupled and therefore remained deprotected. This is determined by the NMR peak
area found at 2.5 ppm, which shows the deprotected terminal proton located on the triple bond of
the functional pendant comprised of TMSPgMA. After normalizing the NMR peaks to the
methyl peak found on methyl methacrylate (δ = 3.6), the NMR peak area of alkyne functionality
“b” must consider any of the deprotected, unreacted terminal proton functional groups, peak “b’”
from the total NMR peak area to determine overall crosslinking efficiency.

Figure 40. 1H NMR example of a nanoparticle, where total PgMA “b” and uncrosslinked PgMA “b’” determine the crosslinking
efficiency of the nanoparticle after normalizing the peak area to methyl methacrylate (at 3.6 ppm).
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3.4.4 Syntheses

3-trimethylsilyl propargyl methacrylate (M1):

To a 250 mL round bottom flask equipped with a stir bar, triethylamine (7.1 mL, 50.6 mmol)
and TMS-propargyl alcohol (5.0 g, 39.0 mmol) were added with 50 mL of dichloromethane.
Methacryloyl chloride (4.4 mL, 46.5 mmol) was combined with ~50 mL of dichloromethane in a
separate vessel under argon. The 250 mL round bottom flask solution was suspended in an dryice-water bath and brought to -20ᴼC. The solution of methacryloyl chloride and dichloromethane
was then added dropwise over the course of 1 hour, kept at -20ᴼC. Once the methacryloyl
chloride solution was fully added, the reaction was stirred for an additional 30 minutes at -20ᴼC.
The reaction was then brought to ambient temperature and magnetically stirred over the course
of 24 hours. The reaction was quenched with methanol and allowed to stir for an additional 30
minutes. A liquid-liquid extraction with 30 mL of cold deionized water (x2) and aqueous sodium
bicarbonate (x2) was performed. The aqueous layers were rinsed with 20 mL of dichloromethane
(x2), and the organic layers were combined. The organic layer was then dried with magnesium
sulfate and concentrated under vacuum to yield a crude yellow oil. The crude product was
purified via column chromatography with 20:1 petroleum ether and diethyl ether (71% yield). 1H
NMR (400 MHz, CDCl3, ∂): 6.16 (s, 1H), 5.61 (s, 1H), 4.74 (s, 2H), 1.95 (s, 3H), 0.17 (s, 9H).
(Page A12 and A13 of appendix)
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Synthesis of 4-bromophenyl methacrylate (M2):

To a 250 mL round bottom flask equipped with a stir bar, trimethylamine (7.50 g, 0.074 mol)
was combined with 4-bromophenol (6.75g, 0.039 mol) in 150 mL of dry dichloromethane.
Separately, methacryloyl chloride (3.81 g, 0.036 mol) was combined with 20 mL of
dichloromethane in a 50 mL round bottom flask. The 250 mL round bottom flask reaction
mixture was first brought to -20ºC in an ice-salt-water bath, and the methacryloyl chloride
solution was slowly added dropwise to the stirring reaction. The reaction was then allowed to
warm to room temperature and left stirring overnight. 50 mL of methanol was then added to
quench the reaction and left to stir for one hour. The reaction mixture was poured into 50 mL of
cold 1M hydrochloric acid, followed by a liquid-liquid extraction with 30 mL of cold deionized
water (x2) and aqueous sodium bicarbonate (x2). The aqueous layers were rinsed with additional
dichloromethane, and all organic layers were combined. The organic layer was then dried with
anhydrous magnesium sulfate and concentrated under vacuum to yield a clear viscous oil. 1H
NMR (400 MHz, CDCl3, ∂): 7.51 (d, Ar), 7.01 (d, Ar), 6.35 (s, 1H), 5.77 (s, 1H), 2.06 (s, 3H).
(Page A14 of appendix)
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Synthesis of RAFT agent (R1):

The following experimental is specific to a target molecular weight of 25,000 kDa, with the %
incorporation of alkyne monomer targeted at 25%:
To a 25 mL round bottom flask, a 10:1 mixture of 4-cyano-4-[(dodecylaulfanylthio carbonyl
sulfanyl)]pentanoic acid (CTA) and azobisisobutyronitrile were combined with 5 mL of dimethyl
formamide and sparged with inert gas for 20 minutes. In a separate 25 mL round bottom flask,
uninhibited methyl methacrylate (1.19 g, 0.012), uninhibited TMSPgMA (0.778g, 3.96 mmol),
CTA stock (1.61 mL) and additional dimethyl formamide (0.385 mL) were combined and
sparged with inert gas for 45 minutes. The reaction flask was then placed in an 80ºC oil bath,
magnetically stirring for 24 hours. After 24 hours, the reaction mixture was dissolved into 3 mL
of tetrahydrofuran and precipitated into 100 mL of cold n-hexanes (x3), to yield a white, static
powder. The powder was placed in a scintillation vial and put under vacuum overnight to remove
any remaining solvent (52% yield). 1H NMR (400 MHz, CDCl3, ∂): 6.16 (s, 1H), 5.61 (s, 1H),
4.74 (s, 2H), 1.95 (s, 3H), 0.17 (s, 9H)
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Synthesis of RAFT agent (R2):

The following experimental is specific to a target molecular weight of 25,000 kDa, with the %
incorporation of aryl bromide monomer targeted at 25%:
To a 25 mL round bottom flask, a 10:1 mixture of 4-cyano-4-[(dodecylaulfanylthio carbonyl
sulfanyl)]pentanoic acid (CTA) and azobisisobutyronitrile were combined with 5 mL of dimethyl
formamide and sparged with inert gas for 20 minutes. In a separate 25 mL round bottom flask,
uninhibited methyl methacrylate (0.541 g, 5.40 mmol), uninhibited BrArMA monomer (0.430g,
1.78 mmol), CTA stock (0.231 mL) and additional dimethyl formamide (0.770 mL) were
combined and sparged with inert gas for 45 minutes. The reaction flask was then placed in an
80ºC oil bath, constantly stirring for 24 hours. After 24 hours, the reaction mixture was dissolved
into 3 mL of tetrahydrofuran and precipitated into 100 mL of n-hexanes (x3), to yield a white,
static powder. The powder was placed in a scintillation vial and put under vacuum overnight to
remove any remaining solvent (70% yield). 1H NMR (400 MHz, CDCl3, ∂): 7.46 (Ar, 2H), 6.81
(Ar, 2H), 3.66 (br s, 3H), 1.75 (s, 3H). (Page A15 of appendix)
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Synthesis of diblock copolymer using macroCTA R1:

The following experimental is a general procedure to polymerizing P1, using the
poly(trimethylsilyl methacrylate-ran-methyl methacrylate) RAFT agent.
To a 10 mL round bottom flask, 5 mL of dimethyl formamide was combined with a 10:1 ratio
of the TMSPgMA macroCTA (R1) and AIBN. The CTA was then left to sparge with inert gas
for 20 minutes. To a separate 25 mL round bottom flask, the stock solution (5.10 mL),
uninhibited methyl methacrylate (0.270 g, 2.70 mmol), the aryl bromide monomer (M2) (0.218
g, 0.904 mmol), and additional dimethyl formamide (0.897 mL) were combined, stirred and
sparged with inert gas for 45 minutes. The system was then set in an 80ºC oil bath for 24 hours,
stirring constantly. After 24 hours, the reaction mixture was dissolved in tetrahydrofuran and
precipitated into 100 mL of n-hexanes (x3). The reaction mixture was then filtered and dried
under vacuum to yield a fine white powder (31% yield). 1H NMR (400 MHz, CDCl3, ∂): 7.45
(Ar, 2H), 6.81 (Ar, 2H), 4.74 (s, 2H), 3.47 (s, 3H), 0.17 (s, 9H).
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Synthesis of diblock copolymer with macroCTA R2 (synthesis of P1/P2/P3):

The following experimental procedure is a general procedure to polymerizing P2, using the
poly(4-bromophenyl methacrylate-ran-methyl methacrylate) RAFT agent.
To a 10 mL round bottom flask, 5 mL of dimethyl formamide was combined with a 10:1 ratio
of the brominated macro RAFT agent (R2) and azobisisobutyronitrile, The CTA was then left to
sparge with inert gas for 20 minutes. To a separate 25 mL round bottom flask, the stock solution
(2.92 mL), uninhibited methyl methacrylate (0.140 g, 1.39 mmol), the protected terminal alkyne
monomer (M1) (0.0684 g, 3.48 mmol), and additional dimethyl formamide (2.08) were
combined, stirred and sparged with inert gas for 45 minutes. The system was then set in an 80ºC
oil bath for 24 hours, stirring constantly. After 24 hours, the reaction mixture was dissolved in
tetrahydrofuran and precipitated into 100 mL of n-hexanes (x3). The reaction mixture was then
filtered by vacuum filtration, then dried under vacuum to yield an off-white powder. 1H NMR
(400 MHz, CDCl3, ∂): 7.45 (Ar, 2H), 6.81 (Ar, 2H), 4.74 (s, 2H), 3.47 (s, 3H), 0.17 (s, 9H).
(Page A16 of appendix)
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Collapse of TMS-protected polymers via one-pot Sonogashira-like coupling reaction (NP
3.1, NP 3.2, NP 3.3)
The follow experimental procedure is a general procedure to collapsing SCNPs, using the
collapse of P 3.2 to NP 3.2 as an example. The only difference between collapse of NP1, NP2
and NP3 are the amounts associated with TMSPgMA contained within the parent polymer.
Poly[[(TMSPgMA)-ran-(MMA)]-block-[(BrArMA)-ran-(MMA)]] (5 a) (Mn = 14.5 kg/mol, 100
mg, 0.007 mmol) containing 15% TMSPgMA functionality (0.001 mmol) and Pd(PPh3)4 (1.13
mg, 5 mol%) were added to a 3-neck round bottom flask equipped with a stir bar and reflux
apparatus. The reactants were dissolved with 5.0 mL of dry THF and the solution sparged with
argon for 30 minutes before placing in an ice-salt-water bath. Once cooled to -5ᴼC, degassed
tetrabutylammonium fluoride (1 M in THF, 0.005 mL, 0.005 mmol) was added in excess,
comparative to the molar equivalent of TMSPgMA. The reaction mixture was first brought to
room temperature, and then refluxed at 70°C for 3 hours under argon. The reaction mixture was
brought to room temperature and flushed with THF through a short silica plug to remove
Pd(PPh3)4, TMS-fluoride, and the associated tetrabutyl ammonium salt (x2). The solution was
then concentrated under vacuum and precipitated into 15 mL of cold water (x2) to assure the full
removal of unreacted TBAF. The precipitate was collected through vacuum filtration and dried
under vacuum to yield an off-white powder. (Page A16 through A19 of appendix).
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CHAPTER 4 – DIELS—ALDER FUNCTIONALIZED DIBLOCK COPOLYMERS via SETLRP FOR SINGLE CHAIN NANOPARTICLE FORMATION

4.1 Introduction

Following a similar trend toward globular particles as Chapter 3, this project sought to utilize
the ease of the Diels—Alder reaction; a “click” reaction that is suitable for crosslinking by
manipulation of the forward Diels—Alder (DA) and retro-Diels—Alder (rDA) reaction. It was
observed in our group that polymer chains can become crosslinked intramolecularly with the
DA/rDA reaction. However, the temperature requirements to push polymerization techniques
such as RAFT polymerization were no longer suitable for this type of chemistry. Our group
followed an ATRP approach to completing SCNPs made through DA moieties that were
randomly copolymerized with methyl methacrylate. To differ, this project utilized SET-LRP to
make diblock copolymer structures at lower temperatures so not to prematurely deprotected the
maleimide functional group. With a similar idea to generating globular nanoparticles, this
diblock copolymer approach utilized the DA/rDA “click” reaction as a coupling mechanism.

The Diels—Alder and retro-Diels—Alder reaction
The DA reaction is one of the most studied thermally reversible reactions in organic
chemistry and is incredibly useful in crosslinking chemistry. The DA reaction is a [4+2]

Scheme 4. The Diels—Alder and retro-Diels—Alder reaction between a conjugated diene and dienophile.
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cycloaddition involving a conjugated diene and a dienophile to form a cyclohexene (Scheme
4).180
By placing DA moieties within a polymer backbone, the dynamic bond strength between the
diene and dienophile of the DA adduct is much lower compared to all other covalent bonds
present in the polymer backbone.181,182 An rDA reaction is a [4+2] cycloreversion of the DA
adduct that typically reforms the original reactants of the forward DA reaction. The rDA reaction
has a higher energy barrier than the forward reaction, and therefore requires an elevated
temperature to undergo reversion.181 Heat-induced rDA reactions have become attractive for
building thermally responsive polymers.183-185 Dienes that are more electron-rich and dienophiles
that are electron-poor are desirable for the DA reaction. The most prevalent examples of
polymers utilizing the DA reaction where furan functional groups are used as dienes and
maleimide functional groups as dienophiles (Scheme 5).185 By utilizing both electronwithdrawing C=O bonds of maleimide as a dienophile, and the conjugated diene of furan, a
relatively simple and efficient DA reaction readily occurs. The two C=O bonds on the maleimide

Scheme 5. The Diels—Alder and retro-Diels—Alder reaction between maleimide and furan.

make C=C bond far more electron-poor and therefore more reactive with the chosen diene.185
Our polymer system offers a route to intramolecular crosslinking utilizing the functionality of
pendant furan and maleimide groups within a primarily methyl methacrylate polymer backbone.
While we have demonstrated that this polymerization can occur at lower percent functional
monomer in a RAFT polymerization,186 higher percent functional monomer incorporations of the
furan-protected maleimide functionality require polymerization temperatures of 40ºC or less.
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This is because an increase in the polymerization temperature to initiate a RAFT polymerization
results in the premature deprotection of the furan-protected maleimide. Due to this, singleelectron transfer living radical polymerization (SET-LRP) was the selected polymerization
technique to allow for increased DA functional group percentages within each polymer sample.
The SET-LRP setup follows a nearly identical procedure to atom-transfer radical polymerization
of the same substituents (ATRP), but the reaction is approached through additive iterations
instead of polymerizing all monomers at the same time. SET-LRP was chosen for its ability to
proceed with the polymerization at low temperatures (30ºC) and because it is a suitable
polymerization technique for generating block copolymers with impressive monomer
conversion.

Single Electron Transfer Living Radical Polymerization (SET-LRP)

SET-LRP is a polymerization technique where a Cu0 species is formed through low activation
energy outer-sphere single-electron-transfer. The Cu0 species is extremely reactive, and as such,
acts as a catalyst for the polymerization to occur. Overall control or deactivation of the reaction
is dependent on the CuII species formed within the reaction process. SET-LRP has been found to
generate polymers with low PDI and high molecular weights at low temperatures. The
mechanism for SET-LRP is still debated,187 though Matyjaszewski et al. have reported results
that SET-LRP follows an identical mechanism to ARGET-ATRP, where the Cu0 species acts as
a reducing agent.188
SET-LRP has been found to proceed best in DMSO as a solvent to the reaction. This is because
other solvents do not contribute to the disproportionation necessary for the Cu0 species to be
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generated, and therefore results in slow reactivity of the chain-end groups and inactive (dead)
polymer chains.
4.2 Results and Discussion
4.2.1 Monomer Design
Monomers were selected due to the popularity of the DA/rDA reaction with maleimides and
furan groups. Our group has previously shown successful SCNP formation with the two
monomers that were utilized in this project. Furfuryl methacrylate (FMA) is a commercially
available monomer, and the maleimide methacrylate (MIMA) monomer was synthesized in a
two-step procedure. The MIMA monomer incorporates maleimide functionality into the polymer
as pendant side chains, protected with a furan group that is removed upon heating of the polymer
through an rDA process. Upon cooling, the maleimide undergoes a DA reaction with the furan
attached to the polymer, which causes the polymer to collapse unto itself in dilute conditions.
4.2.2 Polymer Synthesis
Polymerizations were carried out for three precursor polymers in the presence of initially
added Cu(II) at varied amounts. Through SET-LRP, we sought to determine whether copolymers
containing FMA/MMA could be achieved with high enough chain-end fidelity that a following
diblock copolymerization could occur afterward. This would be achieved by a collapse of the
polymer chains through a retro-Diels—Alder reaction ay heightened temperatures and a Diels—
Alder reaction during the cooling of the reaction vessel.
Three precursor polymers were attempted, P 4.1 – P 4.3. All three polymers started from the
same macroinitiator, a random copolymer of 35% FMA and 65% MMA through SET-LRP. The
initial macroinitiator was found to incorporate a higher percentage of FMA to that of MMA than
what was targeted within the polymer, which agreed with literature results on the reactivity ratio
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of FMA to MMA.189 In a previous study on random copolymers of the same monomers,186 an
increase in FMA compared to MIMA and MMA within the polymer chains was observed. This
was attributed to FMA reactivity versus that of MIMA when copolymerized with MMA. We
observed an interesting comparison in the synthesis of random diblock copolymers. While all
precursor polymers contained an increase in FMA incorporation than what was targeted with
MMA, the MIMA functionalized block exhibited low reactivity behavior when copolymerized
with MMA.
As such, each polymer had varied by a lesser incorporation of MIMA added into the second
block than FMA. P 4.1 had targeted 10% MIMA added into the second block and 90% MMA, P
4.2 had targeted 30% MIMA added to the block and 70% MMA, and P 4.3 was targeted for 60%
MIMA and 40% MMA. P 4.3 was not recovered from the workup with THF and DMSO. P 4.1
and P 4.2 were each analyzed through detection by SEC-MALS.
Table 5. Information on precursor polymer P 4.1, P 4.2, and nanoparticle NP 4.1, NP 4.2. The incorporation amounts of each
precursor polymer were determined by 1H NMR analysis and the number/weighted average molecular weight, polydispersity
indices, and retention time were determined by SEC-MALS.

Sample
P 4.1
NP 4.1
P 4.2
NP 4.2

FMA %
20

MIMA %
4

MMA %
76

20

12

68

Mn
(kDa)
9.90
9.70
8.20
7.30

MW
(kDa)
11.0
11.1
10.1
9.10

Retention (min)
PDI
1.1
1.2
1.2
1.2

10.12
10.17
10.19
10.34

4.2.3 Nanoparticle Synthesis
By heating the polymer precursor at 120ᴼC in dilute concentrations (1mg/mL), the pendant
functional furan-protected maleimide undergoes an rDA reaction. The heightened temperature
induces the rDA reaction, and slow cooling of the reaction to room temperature prompts the
thermal DA reaction between pendant furan groups to react with newly deprotected maleimide
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pendant groups. In an open system, this high temperature removes the furan protecting the
maleimide, which is then boiled off from the reaction vessel. Analysis of both SEC-MALS traces
and 1H NMR confirm the formation of SCNP from this pathway. As can be seen in Figure 41, P
4.2 to NP 4.2 is observed through an increase in the retention time from parent polymer to
nanoparticle. This phenomenon is attributed to the decrease in hydrodynamic volume that occurs
when a single polymer chain is collapsed into a smaller particle. 1H NMR data further supports
the collapse of the polymer into SCNP by the disappearance of peak “b” and “e” from polymer
to nanoparticle, which correspond to the protecting furan group located on the MIMA monomer.

10.19

10.34

P 4.2 MALS
NP 4.2 MALS

8

9

10

11

12

13

Retention Time (min)

Figure 41. SEC-MALS traces for precursor polymer P 4.2 (blue trace) and resultant nanoparticle, NP 4.2 (pink trace), where an
increase in the retention time is observed.
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Figure 42. 1H NMR of polymer P4.2 compared to nanoparticle NP 4.2, showing the appearance of peaks (x) and (y) and
disappearance of peaks (b) and (e).

P 4.1 to NP 4.1 experiences a longer retention time of the nanoparticle, and a lower apparent
molecular weight from the polymer precursor. Though, we hypothesize that negligible
crosslinking has occurred along the NP 4.1 polymer. Also, P 4.2 had a higher incorporation of
DA/rDA-capable monomer MIMA (15%) within the polymer block compared to P 4.1 (5%),
which not only attributes to a greater decrease in molecular weight observed but also shows a
larger increase in the retention time of the nanoparticle. This can be explained due to the MIMA
monomer adding more areas for crosslinking to occur on the diblock copolymer.
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Figure 43. SEC-MALS trace of precursor polymer P 4.1 (blue trace) and attempted nanoparticle NP 4.1 (pink trace), where there
is negligible difference in the retention time of the polymer and nanoparticle.

However, the diblock copolymers did not have an even amount of functional moiety decorated
along each block. As a result of this, there were unreacted furan functional groups along the
polymer chains as indicated in the 1H NMR trace. P 4.1 had very little MIMA added onto the
block, which limited the amount of crosslinking sites located on the polymer.
4.3 Conclusion

We investigated the polymerization of functionalized diblock copolymers to obtain a new
type of SCNP. Through SET-LRP, chain-end fidelity was preserved after the production of a
macroinitiator with FMA and MMA. SET-LRP had been found as an effective approach to
generating block copolymers at low (25-30oC) temperatures. This polymerization technique was
suitable for retaining the protective furan group of MIMA monomer in an iterative approach.
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Once the polymerization had completed, the polymers were heated in ultra-dilute solution to
induce an rDA reaction, removing the furan protective group on the MIMA pendant group in the
process. By slowly cooling the mixture to room temperature, the forward DA reaction occurred
and the maleimide functional groups reacted with the available furan groups from FMA side
chains. This resulted in the formation of SCNP from functionalized diblock copolymers.
4.4 Experimental Section
4.4.1 Materials

exo-3,6-Epoxy-1,2,3,6-tetrahydrophythalic anhydride, ethanolamine, 3-Acetyl-N-(2hydroxyethyl)- 7-oxabicyclo[2.2.1]hept-5-ene-2- carboxamide, dichloromethane, triethylamine,
triethyl amine, methanol, methacryloyl chloride, DMSO, CuBr2 ethyl acetate, and n-hexanes
(Sigma Aldrich), and furfuryl methacrylate (Fisher Scientific) were all used as received. Methyl
methacrylate (MMA, Sigma Aldrich) was passed through a short column of inhibitor remover
before utilizing in the polymerization steps.

4.4.2 Instrumentation

NMR spectra were acquired with a Varian Unity INOVA or Bruker Biospin 500 MHz or Varian
Mercury 400 MHz spectrometer. Chemical shifts (δ) were reported in parts per million (ppm)
relative to the standard tetramethylsilane (TMS) at 0.0 ppm. Solvent (CDCl3) contained 0.03%
v/v TMS as an internal reference. Peak abbreviations are used as follows: s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet, br = broad, Ar = Aryl. SEC was performed on a
Tosoh EcoSEC dual detection (RI and UV) SEC system coupled to an external Wyatt
Technologies miniDAWN Treos multiangle light scattering (MALS) detector and a Wyatt
Technologies ViscoStar II differential viscometer. The mobile phase was HPLC grade DMF
containing 0.1%wt LiBr filtered through 0.2 μm PTFE membrane filters. Samples were run in
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DMF at 40 °C at a flow rate of 0.45 mL/min. The column set contained one Tosoh TSKgel
SuperHM-M (6.0 mm ID × 150 mm) column, one Tosoh TSKgel SuperH2500 (6.0 mm ID × 150
mm) column and a Tosoh TSKgel SuperH5000-7000 guard column (4.6 mm ID × 35 mm). All
polymer solutions characterized by SEC were at a concentration of 1.0 mg/mL in GPC solvent,
stirred magnetically for at least 7 hours, and filtered through 0.45 μm PTFE syringe filters prior
to analysis. Increment refractive index values (dn/dc) were calculated online assuming 100%
mass recovery (RI as the concentration detector) using the Astra 6 software package (Wyatt
Technologies) by selecting the entire trace from analyte peak onset to the onset of the solvent
peak or flow marker. Absolute molecular weights and molecular weight distributions were
calculated using the Astra 6 software package.
4.4.3 Syntheses
MIMA synthesis (part 1)

exo-3,6-Epoxy-1,2,3,6-tetrahydrophythalic anhydride (10.1 g, 60.2 mmol), methanol (25 mL)
and ethanolamine (3.64 g, 60.2 mmol) were added to a dry 50 mL round bottom flask. The
mixture was magnetically stirred and brought to reflux at 70°C for 24 hours. The solution turned
a dark orange/brown. The reaction mixture was then removed from reflux and cooled to room
temperature, allowing for the formation of crystals over the course of 3 hours. The flask was then
placed in the freezer overnight. The precipitate was collected via vacuum filtration yielding a
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white powder (55% yield) 1H NMR: (500 MHz, CDCl3, δ, ppm) 6.55 (t, 2H), 5.31 (t, 2H), 3.753.79 (m, 2H), 3.65-3.74 (m, 2H), 2.91 (s, 2H), 2.35 (br s, 1H, OH). (Page A19 of appendix)

MIMA synthesis (part 2)

3-Acetyl-N-(2-hydroxyethyl)- 7-oxabicyclo[2.2.1]hept-5-ene-2- carboxamide (5.00 g, 23.9
mmol) was dissolved in 25 mL of dry dichloromethane in a 50 mL round bottom flask equipped
with a stir bar. Triethylamine (3.74, 26.8 mmol) was added to the round bottom flask and the
solution was then cooled in an ice bath to 0°C. Methacryloyl chloride (2.35 mL, 23.9 mmol) was
first uninhibited and then purified by vacuum distillation, then separately added to 7 mL of
dichloromethane. The methacryloyl chloride and dichloromethane mixture was then added
dropwise to the cooled round bottom flask solution over the course of one hour. The mixture was
allowed to warm to ambient temperature and left to stir overnight. The resulting solution was
washed with 50 mL of H2O (x3), then with 30 mL of brine (x3). The organic layer was dried
with sodium sulfate and concentrated under vacuum to yield a yellow oil. The crude product was
then purified via column chromatography with 5:1 ethyl acetate to hexanes (80% yield). 1H
NMR: (500 MHz, CDCl3, δ, ppm): 6.51 (t, 2H), 6.06-6.09 (m, 1H), 5.54-5.59 (m, 1H), 5.25-5.27
(m, 2H), 4.29 (t, 2H), 3.87 (t, 2H), 2.87 (s, 2H), 1.88-1.91 (m, 3H). (Page A20 of appendix)
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General copper-mediated SET-LRP procedure

A typical iterative Cu(0)-mediated SET-LRP was completed as follows.
Methyl methacrylate (2.0 eq) furfuryl methacrylate (0.5 eq), EBiB (1 eq), DMSO, PMDETA
(0.18 eq), CuBr2 (0.05 eq) and a magnetic stir bar were added to a round bottom flask fitted with
a rubber septum. The mixture was sparged with argon for 15 minutes before increasing the
pressure of the vessel slightly. Once a slight positive pressure was reached, a pre-activated
copper wire was carefully added to the stirring mixture under argon. The flask was then resealed
and left to polymerize, stirring at room temperature for 8 hours. A mixture of MMA (2.5 eq) and
MIMA (0.5 eq) (in 50 volume-% DMSO) was degassed and added to the solution via syringe
and left stirring at room temperature for another 24 hours. The polymer solution was diluted with
THF, precipitated into cold methanol, and dried under vacuum to afford a white powder. (Page
A20 and A21 of appendix)
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Deprotection and collapse

Diblock copolymer was dissolved in DMF at a concentration of 1 mg/mL and heated to 120ᴼC
while stirring overnight. The resulting solution was then allowed to cool fully to room
temperature before being concentrated under vacuum. The concentrated solution was then
precipitated into cold methanol, collected and dried under vacuum to afford a white static
powder. (Page A21 of appendix)
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APPENDIX
Table A1. CTA made with TMSPgMA for later RAFT polymerization, where functional incorporation has been determined from 1H
NMR. Number and weighted average molecular weight data as well as polydispersity index was determined from SEC-MALS and
GPC software. The retention time of each macroCTA was determined through the elution time of each sample from the SEC
column. GPC solvent at the time of testing these samples was THF, with a flow rate of 0.35 mL/min.

TMSPgMA
macroCTA Functional

Mn

Mw

Retention

GPC

(R1)

%

(kDa)

(kDa)

PDI

(min)

solvent

CTA 3.7

34.5

23.5

30.1

1.30

10.10

THF

CTA 3.15

29.9

7.93

8.68

1.10

11.54

THF

CTA 3.16

10.0

9.49

10.5

1.10

11.20

THF

CTA 3.17

25.0

10.7

14.2

1.30

11.40

THF

CTA 3.18

46.0

13.7

50.1

3.70

NA

THF

Table A2. CTA made with TMSPgMA for later RAFT polymerization, where functional incorporation has been determined from 1H
NMR. Number and weighted average molecular weight data as well as polydispersity index was determined from SEC-MALS and
GPC software. The retention time of each macroCTA was determined through the elution time of each sample from the SEC
column. GPC solvent at the time of testing these samples was THF, with a flow rate of 0.35 mL/min.

BrArMA
macroCTA

Targeted
Incorporation

Actual
Incorporation

Incorporation
Efficiency

CTA 3.1
CTA 3.2
CTA 3.3
CTA 3.4
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11.0%
7.40%

90.0%
90.0%
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A1

Figure A1. 1H NMR of functional group m dPEG4 amine. Small molecule used in synthesis on page 70.

Figure A2. 1H NMR of functional group t-isobutyl amine. Small molecule used in synthesis on page 70.

A2

Figure A3. 1H NMR of functional group 4-amino(methyl) phenol. Small molecule used in synthesis on page 70.

Figure A4. 1H NMR of functional group amino pyrene. Small molecule used in synthesis on page 70.

A3

Figure A5. 1H NMR of synthetic route part 1 for VDMA monomer synthesis. Synthesis on page 69.

Figure A6. 1H NMR of VDMA monomer and synthetic route to attain the ring-closed monomer. Synthesis on page 69.

A4

Figure A7. Comparison of synthetic material from part 1 of VDMA synthesis and VDMA ring-closed monomer. Page 69.

Figure A8. 1H NMR of homopolymer PVDMA after adjusting reaction solvent.

A5

Figure A9. 1H NMR of PVDMA before solvent was adjusted, depicting hydrolysis along the polymer VDMA chains as a broad peak
at 7.2-7.7ppm. See page 56.

Figure A10. 1H NMR of P 1.1.1. Synthesis on page 70.

A6

Figure A11. 1H NMR of P 1.1.2. Synthesis on page 70.

Figure A12. 1H NMR of P 1.1.3. Synthesis on page 70.

A7

Figure A13. 1H NMR of P 1.1.4. Synthesis on page 70.

Figure A14. 1H NMR of P 1.1.5. Synthesis on page 70.

A8

Figure A15. 1H NMR of P 1.1.6. Synthesis on page 70.

Figure A16. 1H NMR of P 1.1.7. Synthesis on page 70.

A9

Figure A17. 1H NMR of P 1.1.8. Synthesis on page 70.

Figure A18. 1H NMR comparison of amino pyrene starting material NH2 peak and resulting pyrene functionalized PVDMA where
no NH2 peak is observed. Synthesis on page 70.

A10

Figure A19. 1H NMR of P 1.2.1. Synthesis on page 70.

Figure A20. 1H NMR of P 1.2.2. Synthesis on page 70.

A11

Figure A21. 1H NMR of deprotected PgMA monomer in CDCl3. Page 106.

Figure A22. 1H NMR of TMS protected PgMA monomer in CDCl3. Synthesis on page 106.

A12

Figure A23. 1H NMR of TMSPgMA in CDCl3. Synthesis on page 106.

Figure A24. Comparison of 1H NMR between deprotected and TMS-protected PgMA in CDCl3. Pge 106.

A13

Figure A25. 1H NMR of monomer BrArMA in CDCl3. Synthesis on page 107.

Figure A26. 1H NMR of monomer BrArMA in CDCl3. Synthesis on page 107.

A14

Figure A27. 1H NMR of macroCTA generated with BrArMA monomer and DMP in CDCl3 Synthesis on page 109.

Figure A28. 1H NMR of macroCTA generated with BrArMA monomer and DMP in CDCl3. Synthesis on page 109.

A15

Figure A29. 1H NMR of macroCTA generated with BrArMA monomer and DMP in CDCl3 Synthesis on page 109.

Figure A30. Diblock copolymer 1H NMR of TMSPgMA-co-MMA and BrArMA-co-MMA P 3.1 in CDCl3. Synthesis on page 111.

A16

Figure A31. 1H NMR of NP 3.1. Synthesis on page 112.

Figure A32. 1H NMR of P 3.2. Synthesis on page 111.

A17

Figure A33. 1H NMR of NP 3.2. Synthesis on page 112.

Figure A34. 1H NMR of P 3.3. Synthesis on page 111.

A18

Figure A35. 1H NMR of NP 3.3. Synthesis on page 112.

Figure A36. 1H NMR of 3-Acetyl-N-(2-hydroxyethyl)-7-oxabicyclo[2.2.1]hept-5-ene-2-carboxamide in CDCl3. Synthesis on page
122.

A19

Figure A37. 1H NMR of MIMA monomer. Synthesis on page 123.

Figure A38. 1H NMR comparison of polymer P4.2 to nanoparticle NP 4.2. Synthesis on page 124 and 125.

A20

Figure A39. 1H NMR of polymer P4.1 for Diels—Alder capable polymer. Synthesis on page 124.

A21

RAW GPC Traces

Trace 1. GPC trace of P 1.2

Trace 2. GPC trace of P 1.1

A22

Trace 3. GPC trace of P 1.1 increased concentration

Trace 4. TMSPgMA macroCTA

A23

Trace 5. GPC trace of TMSPgMA macroCTA

Trace 6. GPC trace of TMSPgMA macroCTA

A24

Trace 7. GPC trace of TMSPgMA macroCTA

Trace 8. GPC trace of BrArMA macroCTA 3.1

A25

Trace 9. GPC trace of BrArMA macroCTA in THF

Trace 10. GPC trace of BrArMA macroCTA in THF

A26

Trace 11. GPC trace of BrArMA macroCTA in THF

Trace 12. GPC trace of BrArMA macro CTA in THF

A27

Trace 13. GPC trace of diblock P 3.1

Trace 14. GPC trace of diblock P 3.2

A28

Trace 15. GPC trace of diblock P 3.3

Trace 16. GPC trace of diblock P 3.4

A29

Trace 17. GPC trace of diblock P 3.5

Trace 18. GPC trace of diblock P 3.6

A30

Trace 19. GPC trace of nanoparticle NP 3.1

Trace 20. GPC trace of nanoparticle NP 3.2

A31

Trace 21. GPC trace of nanoparticle NP 3.3

Trace 22. GPC trace of nanoparticle NP 3.4

A32

Trace 23. GPC trace of P 4.1

Trace 24. GPC trace of P 4.2

A33

Trace 25. GPC trace of nanoparticle NP 4.1

Trace 26. GPC trace of nanoparticle NP 4.2

A34

